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Abstract
BACKGROUND: Acute intermittent porphyria (AIP) is an autosomal dominant hereditary disease caused
by mutations to the hydroxymethylbilane synthase (HMBS) gene in the heme biosynthesis pathway. AIP
is a rare disease that is thought to display incomplete penetrance. Studies on the characteristics of HMBS
mutations in people from Britain, France, Russia, and Sweden have been performed.

RESULT: In this study, a total of 45 different gene mutations were found, 17 of which were novel
mutations that have not been previously reported. The 45 HMBS mutations included 19 missense, 11
splicing, and 4 nonsense mutations; 9 small deletions, 1 repeat insertion, and 1 complex deletion-insertion
mutation. One mutation (c.673C>T) was found in the gene sequence of 8 unrelated patients, making it
the most common mutation, and another mutation (c.517C>T) was found in 7 unrelated patients, making
it the next most common mutation found in this study. To study the expression level of mutant HMBSs,
Western blot and immuno�uorescence staining were performed with four novel mutants (c.653G>A,
c.597dupC, c.673_674del, c.1045_1046delAA), and the crystal structure changes were compared through
homologous modeling to indicate the possible pathogenic mechanism.

CONCLUSIONS: In this study, the characteristics of HMBS gene mutation in Chinese were studied, which
laid a foundation for further research in the future.

Introduction:
AIP occurs in all races, with most cases reported in Northern Europe, where the incidence is 5/100,000.
There is no difference in the mutation rate of the HMBS gene in men and women, but signi�cant
hormonal changes during the menstrual cycle make women more susceptible to the disease. AIP is often
triggered by smoking, drinking, certain drugs and estrogen. The common symptoms include nausea,
vomiting, abdominal pain with inconsistent signs, intestinal obstruction, high blood pressure, tachycardia,
limb weakness, palsy, respiratory paralysis when respiratory muscles are involved, and even death.
Mental disorders are also common, such as anxiety, depression, insomnia, and epilepsy. In addition, when
the hypothalamus is involved, antidiuretic hormone syndrome may occur.

To date, the Human Gene Mutation Database (HGMD) has reported more than 500 HMBS mutations. In
this study, the characteristics of mutations in Chinese AIP patients were summarized, and four novel
mutations were further studied.

Materials And Methods:
1. Genetic analysis

Peripheral blood was collected from 69 patients with acute intermittent porphyria (obvious abdominal
pain,diluted urine, neuropsychiatric symptoms, and positive urine PBG). DNA was extracted using a
QIAGEN kit obtained in Germany. The gene sequences of the promoter, 15 exons and their neighboring
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introns were ampli�ed by PCR. The total PCR system had a volume of 2.5 µl and included DNA extracted
from the genome at 1 µl, 10x PCR buffer at 2.5 µl, tap DNA polymerase at 1.25 U, 2.5 mmol/L dNTPs, and
10 µmol/L upstream and downstream primers. The PCR conditions were as follows: predenaturation at
94°C for 5 min, denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 30 s,
for a total of 35 cycles. After the last cycle, the samples were elongated at 72°C for 5 min and cooled to
4°C. The PCR ampli�cation products were placed in a 1.5% agarose gel electrophoresis tank to ensure
that the electrophoresis solution was approximately 2 ~ 3 mm above the gel surface. The voltage of the
electrophoresis apparatus was 120 V, and electrophoresis was performed for 30 min. After
electrophoresis, a gel imaging system was used to observe the bands and print the gel images. These
determinations clearly showed visible bands of the expected size. Bidirectional gene sequencing was
performed using ABI3730xl DNA.

2. Preparation of mutants

The synthesis of the wild-type HMBS coding sequence and the construction of the pcDNA3.1 + N-HHMB-
DYK recombinant plasmid were completed by Nanjing Kingsley Biotechnology Co. Loci upstream and
downstream of HMBS gene were selected and digested by BamHІ and XhoІ enzymes. The c.673-674del,
c.653G > A, c.597dupC, and c.1045–1046 mutants were prepared by site-directed mutation (Shanghai
Sangon Biological Engineering Co., LTD. Shanghai China).

3. Cell culture and transfection

In this experiment, HeLa cells and 293T cells were provided by the Rare Disease Molecular Laboratory,
Institute of Biomedical Sciences, Shanxi University. Both cell lines were cultured in high-glucose DMEM
containing 10% fetal bovine serum. The cells were uniformly spread on a 12-well plate one day before
transfection, and the cells were cultured to approximately 80% con�uence after adhering to the wall and
then transfected with mutant genes. A 1.5 µg of plasmid was diluted in 100 µL of pure DMEM. PEI (4.5
µL) was added to the diluted plasmid solution and gently mixed. The plasmid mixture was allowed to
stand at room temperature for 20 min. The plasmid-PEI mixture was added to cells and cultured in an
incubator with 5% CO2 at 37°C.

4. Western blot analysis

After 24 h of transfection, 293T cells were lysed, the proteins were collected, 10% SDS-PAGE separation
gel was prepared, the concentrated gel was subjected to constant pressure of 80 V, the separation gel was
subjected to constant pressure of 120 V and electrophoresis was performed for approximately 2 h. The
proteins were continuously transferred to the PVDF membrane with a 0.3A DC constant current for 2 h,
and the membranes wereblocked overnight with 5% skim milk at 4°C. The primary antibodies were added,
and TBST was used to wash the membrane 3 times. The secondary antibody was incubated with the
membrane, which was subsequently washed with TBST 3 times. Then, the proteins on the membrane
was exposed and detected.
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5. Immuno�uorescence staining

Twenty-four hours after transfection, the 12-well plates with HeLa cells were removed from the cell
chamber, and the cells were coated onto slides, and the medium was removed. Then, the slides were �xed
with 4% paraformaldehyde, covered with an anti-quenching agent and incubated for 15 min before the
agent was removed, and then, the cells were rinsed with PBS. The cells were covered with 0.1% Triton X-
100 and incubated at room temperature for 1 h, and then the detergent was aspirated. The cells were then
incubated overnight with primary anti-FLAG antibody at 4°C, and then the antibody solution was
removed. Next, the cells were washed with PBS 3 times. The cells treated with primary antibody were then
incubated with �uorescent secondary antibody and washed with PBS 3 times. The nuclei were stained
and sealed, and pictures were taken using a Delta Vision imaging system.

6. Mapping the novel mutations onto the human HMBS crystal structure

The amino acid sequences of wild-type HMBS and mutant-type HMBS were entered into the Swiss-Model
website for homologous modeling, and the changes to the tertiary structure of the protein were analyzed
and compared using PDB-Viewer.

Results:
Genomic DNA was isolated from 69 unrelated individuals with clinical symptoms consistent with AIP, and
45 different mutations were reported, 17 of which were novel mutations that have not been previously
reported (see Table 1)

1. Mutation analysis of the HMBS gene

The 45 HMBS mutations identi�ed included 19 missense mutations, 11 splicing mutations, 4 nonsense
mutations, 9 small deletions, 1 repeat insertion and 1 complex deletion-insertion mutation. Mutation
c.673C > T (R225X) (in 8 patients, 8/69, 11.6%) was identi�ed as the most common mutation, and
mutation c.517C > T (R173W) (in 7 patients, 7/69, 10.1%,) was the next most common mutation in this
research. Exon 12 had 12 different mutations (12/45, 26.7%), making it the most common exon mutant,
and exon 10, which had 4 different mutations (4/45, 8.9%), was the second most common exon mutant.
Exons 7, 15 and intron 14 showed 3 different HMBS gene mutations (3/45, 6.7%), making them in the
third most exon mutants (see Fig. 4).

1. 2. Expression levels and crystal structures of the 4 novel mutations
2. 2.1 The effect of HMBS mutations on the HMBS protein expression level

Western blot analysis showed that wild type- and the mutant-encoded p.G218E was expressed as a 45 KD
protein at similar levels, whereas the mutant-encoded p.N349Hfs9 was expressed at a slightly lower level
than the wild type-encoded protein, and both proteins were approximately 42 kDa. Mutant-encoded
p.E225Dfs7 was expressed as a 35 kDa protein at signi�cantly reduced levels, while p.N200Qfs8 did not
appear in any band (see Fig. 1).
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Immuno�uorescence staining showed that the degree to which various mutant HMBSs aggregated in the
cytoplasm and nucleus was lower than that of the wild-type protein, suggesting that the expression level
of wild-type HMBSs was much higher than that of the various mutants (see Fig. 2).

2.2. Mapping the novel mutations on the human HMBS crystal structure

The crystal structure of the p.G218E mutant showed little change compared with the wild-type protein.
The p.H200fs8 mutant was prematurely terminated during the translating process at position 208, while
p.R225Dfs7 was prematurely terminated during the translation process at position 232. The two mutants
encoding these HMBSs failed to encode many amino acids, which had a profound in�uence on the
enzyme structure. The p.N349Hfs9 mutant was prematurely terminated at position 358 and showed little
change in tertiary structure compared with the wild-type protein because it lacked relatively few amino
acids (see Fig. 3).

Therefore, it was speculated that p.G218E and p.N349Hfs9 has little in�uence on the crystal structure of
the enzymes, while p.H200fs8 and p.R225Dfs7 showed greater in�uence on the structure of the enzymes.

Discussion:
Porphyria is a metabolic disease caused by abnormal enzyme activity due to gene mutations during
heme synthesis. Porphyria can be classi�ed into acute porphyria and cutaneous porphyria according to
the clinical manifestations, and AIP is the most common type of acute porphyria. AIP is an autosomal
dominant disorder due to the half-normal activity of HMBS and is characterized by acute neurovisceral
attacks precipitated by factors that induce heme biosynthesis.

The HMBS gene is located on chromosome 11 and consists of 15 exons and 14 introns. The whole HMBS
protein serves as an enzyme with cofactors. The enzyme is composed of 361 amino acids, including 3
domains, in which the C261 residue is the key residue and is in domain 3; it covalently binds to cofactors.
The cofactors consist of C1 and C2 rings, and the C1 ring binds to C261 in domain 3. HMBS is a
monomeric enzyme that catalyzes the stepwise head-to-tail condensation of four porphobilinogen (PBG)
molecules to form linear tetrapyrrole 1-hydroxymethylbilane (HMB). This process depends on the
cofactors and the movement of the hinge between domains 1 and 2, including amino acids S96, H120,
and L238 and fragments at amino acid positions 116–118, 106 − 11, 147–156, and 206–221[1].

This study revealed that c.673C > T was the most common mutation and that the c.517C > T mutation
was the next most common mutation. From the location of the mutant genes, exon 12 was determined to
be the most common exon mutant, and exon 10 was the second most common exon mutant, and intron
14 along with exons 7 and 15 were the third most common mutants. Reviewing the relevant literature, we
found that the less common mutation, c.517C > T, in Chinese patients was the most common mutation in
Russian and Canadian patients. HMBS mutations in samples from Sweden and the UK frequently
occurred in exon 12, followed by exon 10, which was consistent with our research. The difference
between the current and previous studies was that exon 7 ranked third only among samples from Sweden
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and the UK, while intron 14, along with exons 7 and 15, were the third most common mutants in our
research[2–6].

c.673C > T (p.R225X) was the most common mutation in the Chinese AIP patients. It is a nonsense
mutation occurring in exon 11 and results in the termination of amino acid translation at position 225.
This mutation missed the 136 amino acid in the C-terminus, including the C261 residue in domain 3,
which directly affects the initiation of HMB formation.

c.517C > T (R173W) was a less common mutation in the Chinese AIP patients, occurring in exon 10 in the
HMBS gene. R173 is located in the active site of HMBS and plays an important role in PBG entry into the
active site. The possible pathogenesis of other known mutations is shown in Table 2.

In this in-depth study conducted on 4 novel mutations, homologous modeling on the Swiss-Model
website was carried out with these novel mutants, and changes to the protein crystal structure were
analyzed using PB-Viewer software. The c.653G > A (p.G218E) mutation led to the substitution of glycine
at 218 with a glutamate. As glycine at 218 plays an important role in the hinge movement of HMBS, it
was speculated that the mutation may affect the opening and closing of the active center. Although the
mutation does not cause a signi�cant change in the crystal structure of the enzyme (Fig. 3), it affects
enzyme activity. c.597dupC (p.H200fs8) led to premature termination at position 208 during the
translation process, leading to the absence of 153 amino acids; c.673_674del (p.R225Dfs7) led to the
premature termination at position 232 during the translation process, and 129 amino acids were thus
missing. These two mutants encoded translated truncated proteins that lacked many amino acids and
in�uenced the enzyme structures (Fig. 3). In addition, these two mutations led to the absence of
important amino acids, such as C238 and C261, affecting substrate binding and hinge movement.
c.1045_1046delAA (p.N349Hfs9) changed the amino acid coding sequence at position 349 and led to
termination at position 358. This mutation led to the loss of 3 amino acids in the C-terminus and showed
a slight in�uence on the crystal structure of HMBS (Fig. 3). In addition, because the glutamine at position
356 extended the tetrapyrrole rings, the arginine substitution for glutamine may affect the enzyme
activity.

The encoding region of HMBS contains 1035 bp, and the target band of the �nal wild-type was expected
to 39.18 kDa, including the FLAG tag. However, the results of the Western blot in this research showed
that the molecular weight of the wild-type HMBS was approximately 45 kDa, and the mutant HMBSs were
also approximately 6 kDa higher than predicted. In fact, SDS-PAGE is a technique for separating proteins
according to molecular weight. In general, smaller proteins move faster through the gel. However,
migration is also in�uenced by other factors, such as phosphorylation and glycosylation, which lead to
true bands that differ from the predicted bands. In this study, the Western blot results showed that the
molecular weight of the protein expressed by the wild-type and missense mutation c.653G > A (G218E)
was approximately 45 kDa, while the molecular weight of the protein expressed by the frame-shifted
mutation c.1045_1046delAA (N349Hfs9) was slightly lower than that of the wild-type, at approximately
42 kDa. The molecular weight of the protein expressed by c.673_674del (p.E225Dfs7) was approximately
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35 kDa. c.597dupC (N200Qfs8) was not visible because the few amino acids encoded were not stable in
the cell and degraded after translation. This may also be the reason why the other two truncated proteins
encoded by genes with these 4 novel mutations constitute a low percentage of the cell content.

Conclusions
As of February 2020, a total of 517 HMBS gene mutations were reported, and 2 novel mutations were
separately reported by Yang J in April 2020 and by Yang Y in July 2020 [7, 8]. In addition, María-José
Morán-Jiménez investigated the molecular defects in 55 unrelated Spanish patients with AIP, identifying 6
novel mutations[9]. With the addition of 17 new mutations from this study, the number of HMBS
mutations has increased to 542. This study simply analyzed the reasons for the decreased expression
levels and stability of HMBS mutants compared with wild-type HMBS. In addition, the mechanism of the
decrease in enzyme activity caused by the known mutations was also analyzed. The de�ciency of this
study was that Western blotting, immuno�uorescence staining and spatial structure prediction were not
performed for all the novel mutations, and enzyme activity was not determined. In future studies, we will
conduct in-depth studies on the expression levels, stability, changes in spatial structure and enzyme
activity of the HMBS mutants, and analyze the mechanism of the decrease in enzyme activity, which will
contribute to improvements in the activity of HMBS for use in potential treatments.
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Figures

Figure 1

Comparison of the proteins expressed in wild-type and mutant cells
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Figure 2

Immuno�uorescence staining of HeLa cells transfected with wild-type and mutant plasmids
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Figure 3

New mutations c.653G>A, c.673_674del, c.597dupC, and c.1045_1046delAA expressed in the tertiary
structure of HMBS

Figure 4

Separate exons and introns in the 45 HMBS gene mutations in this study
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