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Summary

The porphyrias are group of mostly inherited disorders in which a specific spectrum of accumulated and excreted
porphyrins and heme precursors are associated with characteristic clinical features. There are eight enzymes involved in
the heme synthesis and defects in seven of them cause porphyria. Four of them are described as acute hepatic
porphyrias, which share possible precipitation of acute attacks with symptoms engaging the nervous system. Acute
intermittent porphyria (AIP), caused by partial deficiency of the porphobilinogen deaminase (PBGD), is the most
frequent among hepatic porphyrias. Clinical expression is highly variable and ~ 90 % of AIP heterozygotes remain
asymptomatic throughout life. During systematic genetic analysis of the AIP patients diagnosed in the Czech and
Slovak Republics, we found a special case of AIP. In a 15-year-old boy with abdominal and subsequent neurological
symptomatology, we identified de novo mutation 966insA within the PBGD gene leading to a stop codon after 36
completely different amino acids compared to the wt-sequence. To establish the effects of this mutation on the protein
structure, we expressed mutant constructs with described mutation in E. coli and analyzed their biochemical and
enzymatic properties. Moreover, computer-assisted protein structure prediction was performed.
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Introduction

Heme biosynthesis is one of the most conserved
pathways in all living cells through many species
(Mauzerall 1998). There are eight enzymes involved and
defects in seven of them lead to porphyria.

The porphyrias are group of mostly inherited
disorders in which specific spectrum of accumulated and

excreted porphyrins and heme precursors are associated
with characteristic clinical features. Porphyrias can be
divided into either hepatic or erythropoietic forms with
respect to their anatomical origin and into acute or
cutaneus forms with respect to their clinical presentation.
Four of them are described as acute hepatic porphyrias,
which share possible precipitation of the acute attacks.
Acute attacks are manifested by a wide variety of clinical

PHYSIOLOGICAL RESEARCH

© 2006 Institute of Physiology, Academy of Sciences of the Czech Republic, Prague, Czech Republic

E-mail: physres@biomed.cas.cz

ISSN 0862-8408
Fax +420 241 062 164

http://www.biomed.cas.cz/physiolres



S146 Ulbrichova et al.

Vol. 55

features, including autonomous, central, motor or sensory
symptoms, but the most common clinical presentation is
the abdominal pain caused by the neurovisceral crises. An
acute attack can be provoked by porphyrinogenic drugs
such as barbiturates and sulfonamides, determining acute
porphyria to be pharmacogenetic (Tschudy et al. 1975).
Other known precipitants are various factors, including
hormonal changes, alcohol, stress, infection and caloric
deprivation; attacks are more common in women. Acute
attacks can be potentially life-threatening and death may
result from the respiratory paralysis (Goldberg 1959).
Acute
autosomal dominant inborn disorder (Meyer and Schmid

intermittent porphyria (AIP) is an
1978) and is the most frequent among hepatic porphyrias
(Grandchamp 1998). The prevalence of symptomatic
disease is only 1-2 per 100 000 (Badminton and Elder
2002). Clinical expression is highly variable and ~90 %
of AIP heterozygotes remain asymptomatic throughout
life (Petrides 1998). Individual gene carriers differ from
each other in biochemical and clinical manner. Despite
increased understanding of AIP, the mechanism causing
symptoms of this disease remains unclear. There are
many theories; two of them are on the hot spot of the
current investigation — porphyrin precursor neurotoxicity
(Brennan et al. 1980, Solis et al. 2004) and heme
deficiency (Yeung Laiwah et al. 1987, Kupferschmidt et
al. 1995, Litman and Correia 1985). Existence of the
PBGD knock-out mouse, exhibiting many of the AIP
symptoms (Lindberg et al. 1996), can greatly improve
understanding of the mechanism of the pathophysiology
of this disorder.

AIP results from the half-normal activity of the
porphobilinogen deaminase enzyme (PBGD, EC 4.3.1.8)
(Strand 1970, Meyer et al. 1972, Strand et al. 1972).
PBGD is determined by a single gene located on the
chromosome 11 (Meisler et al. 1980); assigned the locus
to the long arm in the segment 11g23-qter (Wang et al.
1981). PBGD gene contains 15 exons and 14 introns and
spans approximately 10 kb of DNA (Chretien et al.
1988). It has been shown that two distinct promoters
erythroid-specific
transcripts by alternative splicing (Grandchamp et al.
1987, Chretien et al. 1988). The housekeeping HMBS
transcript contains exons 1 and 3-15, the erythroid HMBS
transcript is encoded by exons 2-15 (Chen et al. 1994).
PBGD is the third enzyme of the heme biosynthetic
pathway that catalyzes the step-wise head to tail

generate the housekeeping and

condensation of four porphobilinogen molecules into the
linear tetrapyrrole hydroxymethylbilane. Two PBGD

protein isoforms differ approximately by 2 kDa (40 and
42 kDa) (Grandchamp et al. 1987), the housekeeping
form consists of 361 amino acids and the erythroid
variant of 344 amino acids. The housekeeping isoform
contains additional 17 amino acid residues at the N-
terminus, but the function of these extra amino acids is
not yet known (Grandchamp et al. 1987). The three-
dimensional structure of PBGD has been defined in E.
1992). The
monomeric protein is organized in three domains,

coli by X-ray analysis (Louic et al.

approximately equal in size (Louie et al. 1996). In the
active site, there is dipyrromethane co-factor (Jordan and
Warren 1987). The three-dimensional structure of the
PBGD from E. coli indicates strong conservation of the
protein and many amino acid similarities with the human
PBGD (Brownlie et al. 1994).

To date, around 300 mutations in the PBGD
gene have been identified. In this study, we report de
novo mutation 966insA found within the PBGD gene in a
Slovak AIP patient. To establish the effect of this
mutation on the protein structure and its function, we
expressed mutant protein with the desired mutation in E.
coli and analyzed its biochemical and enzymatic
properties. Moreover, computer-assisted protein structure
prediction was performed.

Methods

Patient

A 15-year-old boy was hospitalized and
diagnosed as having AIP after his first attack. The
diagnosis of AIP was made on the basis of clinical
features typical for AIP, including acute abdominal pain,
cognition failure, hypertension, tachycardia and
subsequent neurological symptomatology. Symptoms
were in combination with highly increased urinary ALA
and PBG and
hyponatremia (coproporphyrins 1240.5 pmol/l (N: 38-
153), uroporphyrins 32983 pmol/l (N: 6-24), ALA
1178.2 pmol/l (N :< 42), PBG 331.2 pmol/l (N :< 9).

Five other family members out of two generations were

other porphyrin precursors and

without any clinical symptoms. Urinary porphyrin
measurements were performed in the family, all subjects
except the proband were within the normal concentration

range.

Isolation and amplification of DNA
DNA was
peripheral blood leucocytes anticoagulated with EDTA

Genomic extracted from the
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according to the standard protocol. Coding sequences of
all exons 1-15 with flanking exon/intron boundaries were
amplified. The PCR/DGGE primers were designed as
previously reported (Puy et al. 1997). The PCR reactions
of exon 1-15 were amplified in the total volume of 50 pl
including 1x Plain PP Master Mix (150mM Tris-HCI, pH
8.8, 40mM (NH4),SO4, 0.02 % Tween 20, SmM MgCl,,
400uM dATP, 400uM dCTP, 400uM dGTP, 400uM
dTTP, 100 U/ml Taq DNA polymerase; Top-Bio, Ltd.)
and 0.4mM of each primer. Thermal cycling conditions:
initial denaturation was performed at 94 °C for 5 min
followed by 35 cycles of denaturation at 94 °C for 30 sec,
annealing at 55.8 or 59,3 or 62.9 °C for 30 sec (62.9 °C
for exons 1 and 11, 59.3 °C for exons 3 and 5/6, 55.8 °C
for the rest of the exons) and elongation at 72 °C for 40
sec, followed by final step 72 °C for 5 min, 95 °C for 5
min and 72 °C for 5 min.

DGGE analysis

Fourteen different PCR products were designed
to cover the whole encoding sequence, including ~ 50 bp
upstream and downstream of each exon/intron boundary
of the PBGD gene (Puy et al. 1997). Complete DGGE
setup was optimized according to previously reported
method (Myers et al. 1987). DGGE was performed on
linearly increasing denaturing gradient polyacrylamide
gels of 35 — 90 % of denaturant (7M urea and 40 %
deionized formamide, Bio-Rad). PCR products were
analyzed using DCode™ (Bio-Rad). Gels had been run at
60 °C, 150 V for 3.5 hours in 1 x TAE buffer (40mM
Tris-HCI, 20mM acetic acid, ImM EDTA).

DNA sequencing and RFLP

The PCR-amplified double-stranded DNA
products were purified from agarose gel using a
QIAquick gel extraction kit (Qiagen). Exon 15 was
sequenced in both directions on automatic sequencer ABI
PRISM 3100/3100-Avant Genetic analyzer (Applied
Biosystems) using the ABI PRISM BigDye terminator v
3.1 (Applied Biosystems). Identified mutation in exon 15
caused loss of the restriction site, as confirmed by RFLP.
Restriction enzyme digestion was performed using Mae
Il (Roche Diagnostic) according to the manufacturer’s
instructions.

Plasmid construction and mutagenesis

Total RNA was extracted from the peripheral
leukocytes isolated from EDTA-anticoagulated whole
venous blood. cDNA sequence was obtained by reverse

transcription (RT-PCR) of the total RNA using oligo(dT)
(GE Healthcare) as primer in the first step. Specific
cDNA for PBGD with restriction sites BamH | and Xho |
was amplified using specific primers in the second step:
cDNA BamH I Fw: ata tgg atc cat gtc tgg taa cgg, cDNA
Xho | Rev: tat act cga gtt aat ggg cat cgt taa. Human
cDNA for PBGD was ligated into the pGEX-4T-1
expression vector (GE Healthcare) and transformed into
E. coli BL21 (DE3) (Stratagene). Plasmid DNA was
amplified and isolated using the QIAprep Spin Miniprep
Kit (Qiagen). Site-directed mutagenesis of the mutation
966insA was performed with the following mutagenic
primers: Fw: 5'gca tca ctg ctc gta aac att cca cga ggg ¢ 3
and Rev: 5'gcc ctc gtg gaa tgt tta cga gea gtg atg ¢ 3/,
using QuikChange® Site-directed Mutagenesis Kit
(Stratagene). The results of the mutagenesis were
confirmed by sequencing.

Protein expression

All the proteins were expressed as GST-fusion
proteins. BL21 cells were grown at 37 °C in TB medium
containing ampicillin (100 pg/ml, Sigma). 0.05 % of the
volume of the overnight-shaked culture was used to
inoculate the growth medium. The cells were induced by
IPTG (the final concentration of 0.5mM, Sigma) when
reached OD at 600 nm between 0.4-0.6. Bacterial culture
was grown under aerobic conditions for 4 hours at 30 °C.
Bacterial cells were harvested by centrifugation at 4 °C
for 10 min at 6000g.

Protein purification

All purification steps were carried out at 4 °C.
Washed cells were resuspended in the lysis buffer: PBS
(140mM NaCl, 2.7mM KCl, 10mM Na,HPO,, 1,8mM
KH,PO,, pH 7.3), protease inhibitor cocktail (Sigma) and
Triton X-100 (0.5 % v/v, Sigma). The cells were lysed by
lysozyme (1 mg/ml, ICN Biomedicals) on ice with gentle
shaking for 1 hour. The lysate was sonicated 5 x 3
minutes with a 3 min pause in each cycle. Sonicated cells
were centrifuged at 4 °C, 33.000g for 30 min. The
supernatant was loaded onto the Glutathione Sepharose
4B column (GE Healthcare) and washed three times
using the wash buffer (20mM Tris-HCl, 100mM NaCl,
ImM EDTA, 0.5 % Nonidet P-40, pH 8.2). Proteins were
eluted in the freshly prepared 50mM Tris-HCI, pH 8.5
buffer with 20 mM gluthatione (Sigma). Thrombin digest
was performed by gentle shaking of protein mixed with
thrombin (ICN Biomedicals) in concentration of 20 U
thrombin / Img of the protein overnight at 20 °C.
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Glycerol was added to the final concentration of 20 %
and the aliquots were frozen and stored at — 80 °C. All
results of the protein purification and digestion were
confirmed by the SDS-PAGE (Laemmli 1970).

PBGD enzymatic assay

The PBGD activity assay was
according to the previously described methods (Erlandsen
et al. 2000, Brons-Poulsen et al. 2005). 1 and 2.5 pg of
the protein were diluted by the incubation buffer
(50mmol/1 Tris, 0.1 % BSA, 0.1 % Triton, pH 8.2) to the
final volume of 360 ul. After pre-incubation at 37 °C for
3 min, 40 pl of ImM PBG (ICN Biomedicals) was added
and samples were incubated in the dark at 37 °C for

optimized

exactly 1 hour. The reaction was stopped by adding
400 pl of 25 % TCA, (Fluka). Samples were exposed to
fotooxidation for 30 min under UV light (350 nm) and
then centrifuged for 10 min at 1.500g. To determine
enzymatic activity, the fluorescence intensity was
measured using Perkin Elmer LS 55 spectrofluorometer
immediately thereafter. Uroporphyrin I (URO I, ICN
Biomedicals) was used as the standard and 12.5 % TCA
as a blank. The exact concentration was determined at
22 °C by measuring absorbance at 405 nm and calculated
as Ayos/e (€ — 505 x 10° 1 ecm™ mol ™. Standard curve in
the linear range of fluorescence emission intensity and
the concentration of URO I in 12.5 % TCA were created.
All measurements were performed in triplicates and the
negative control was included. The spectrofluorometer
wavelength settings were set up at the maximum
excitation of 405 nm and the maximum emission of 599

nm for URO I.

Computer-based structural modeling

For the prediction of the possible impact of the
mutation on the protein structure and function, we used
the correlations between a three-dimensional structure of
human and bacterial E. coli (Brownlie et al. 1994, Louie
et al. 1996) and human protein. The amino acid sequence
of PBGD corresponding to proband was used to construct
a homology model with E. coli PBGD as template. We
also constructed a homology model with wild-type
human PBGD. The resulting models were refined using
CNS program to remove bad contacts and inspected using
the program O.

Results

The proband was diagnosed at the age of nearly

Fig. 1. Pedigree of the Slovak acute intermittent porphyria
patient. Affected individual is indicated by solid symbol.

Fig. 2. Denaturing gradient gel electrophoresis (DGGE) based
mutation screening of the porphobilinogen deaminase gene. Lane
P — patient, lane C — control. The 35 — 90 % DGGE gels had
been run at 60 °C, 150V for 3.5 hours in 1 x TAE buffer. In case
of the heterozygous mutated carrier, there occurs a specific
exhibition of three- or four-band pattern. Two lower bands
represent the normal and mutated homoduplexes and, the upper
ones corresponding to the two types of the normal/mutated
heteroduplexes. Only in one fragment of exon 15 did we detect
an abnormal four-band pattern suggesting a DNA variation.

15 after he was hospitalized with an acute attack
(abdominal and severe neurological symptomatology)
after surgery for appendicitis. The patient was the only
member of the family known to have AIP symptoms
(Fig. 1). No clinical and molecular patterns were found
after biochemical and molecular screening of his family.
Nonpaternity was excluded by DNA microsatellite
analysis. Based on these results, we suggested that
966insA was a de novo mutation.

All encoding sequences and exon/intron
boundaries of the proband PBGD gene were screened for
mutations. The PCR products were subjected to DGGE
analysis. The sample with abnormal pattern suggesting
certain sequence variation was detected (Fig. 2). This
sequence variation was subsequently confirmed by direct
further

insertional point mutation (Fig. 3). Mutation 966insA was

sequencing and was characterized as an

located in the exon 15 and leading to formation of STOP
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codon after 36 completely different amino acids
compared to the original sequence. To further confirm the
mutation, we proceeded to RFLP. Pursuant to which the
identified mutation caused loss of the restriction
endonuclease recognition site. The 317-kb fragment of
genomic DNA containing exon 15 and flanking sequence
was digested with the restriction endonuclease Mae Ill. In
case of the normal homozygous allele control, there were
two bands of 80 bp and 197 bp. In case of the mutant
allele, three bands of 80 bp and 197 bp and, further,
undigested 317 bp fragments appeared thus confirming
the existence of the mutation.

To investigate the impact of the mutation on the
study further

consequences, we decided to purify protein expressed

protein structure and to functional
from mutated gene in the procaryotic system. We isolated
mRNA from the peripheral leukocytes, produced cDNA
of PBGD by reverse transcription and amplified a
fragment containing the complete encoding region. This
fragment was inserted into prokaryotic expression vector.
The cells of recombinant strain E. coli BL21 were
transformed by this construct. By side-directed
mutagenesis we introduced desired mutation into the
construct. The accuracy and absence of additional base
changes were confirmed by direct DNA sequencing.

To determine optimal growth conditions for
high-level production of mutant PBGD, we proposed
three different temperatures levels and expression
durations. The decrease of the temperature during protein
expression did not show any impact on the protein
stability or solubility. As expected, in the case of the
normal enzyme the purified protein product showed
single homogeneous band on SDS-PAGE. In the case of
mutant protein several bands appeared on SDS-PAGE
suggesting low protein stability (Fig. 4). The amounts of
proteins displayed in each lane of the SDS-PAGE gel
were adjusted to be identical (the same volume of affinity
beads as well as elution buffer) for the normal and mutant
enzyme to reflect the potential of mutant protein
expression and its solubility. PBGD enzymes of the
normal as well as of the mutant were similar in size
having approximately Mr 68 kDa with GST-tag and Mr
42 kDa without GST-tag.

Specific activities were estimated to be 1677.9 +
75 U/mg for the normal PBGD (U/mg = nmol URO
I/hr/mg of protein), 1320.1 + 55 U/mg for the normal
PBGD expressed in fusion with GST, 2.763 + 0.136
U/mg for the mutant PBGD and 2.334 + 0.129 U/mg for

the mutant PBGD expressed in fusion with GST, when

'c Tca TAANNT T Nc NNC A A
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Fig. 3. Mutation detected in the porphobilinogen deaminase
gene of a Slovak acute intermittent porphyria patient by
sequencing analysis. The mutation 966insA was localized in the
exon 15 and this single-base insertion was further identified as
the causative mutation.
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Fig. 4. SDS/PAGE analysis of the porphobilinogen deaminase.
Left: GST-fusion purified enzymes. Right: Thrombin digested
purified enzymes. Lane 1 — Marker, lane 2 — wild-type protein,
lane 3 — mutated protein. PBGD enzymes of the normal as well
as of the mutant were similar in size having approximately Mr 68
kDa with GST-tag and Mr 42 kDa without GST-tag. The amount
of protein displayed in each lane of the SDS-PAGE gel was
adjusted to be identical (the same volume of affinity beads as
well as elution buffer) for the normal and mutant enzyme to
reflect the potential of mutant protein expression and its
solubility.

measured at pH 8.2. The purified mutant enzyme had a
relative activity 0.18 % of the average level expressed by
the normal allele. We concluded that there was a
significant difference in the specific and relative activity
between the thrombin digested protein and the fusion
protein. Fusion protein exhibited approximately 22 %
higher activity than the thrombin digested enzyme.

Using the computer-assisted structure prediction,
we designed the mutant protein structure. Due to the
truction, two helixes 02; and o3; of the domain 3 were
missing at the mutant protein in comparison with the
normal protein (Fig. 5).
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Fig. 5. Computer-based con-structed homology model with wild-type human PBGD (wild-type PBGD on the left side, mutant PBGD on
the right side). This structural model shows small insertion 966insA, which resulted in the frameshift leading to the premature
truncation. The trun-cated mutant protein consists of 357 amino acids as opposed to the normal 361 amino acids. The mutant protein
includes 36 amino acids different from the normal, lacks 4 amino acids from the C-terminus and part of the third enzyme domain takes
up a different shape formation. The premature termination of the mutant protein leads to the loss of protective helixes as indicated by

yellow arrows.

Discussion

The identification and characterization of the
novel mutations within PBGD gene of the newly
diagnosed AIP patients emphasize insight into the
molecular heterogeneity of AIP. Accurate molecular
diagnosis and detection of asymptomatic carriers in
affected families helps them prevent potential
precipitating factors. Investigation of the effects of the
present mutation on the protein structure and its function
provide further understanding of the molecular basis and
cooperation of the molecules in the system.

PBGD

biosynthetic pathway and catalyzes the step-wise head to

is the third enzyme of the heme

tail condensation of four porphobilinogen molecules into
the linear tetrapyrrole hydroxymethylbilane. In AIP
patients, the half-normal activity of PBGD results in the
accumulation of high amount of porphyrin precursors as
ALA and PBG (Strand 1970, Meyer et al. 1972, Strand et
al. 1972). The accumulation leads to the potentially life-
threatening state of acute attacks.

A great step forward was the isolation and
characterization of the human PBGD ¢cDNA and genomic
sequence (Grandchamp 1987, Yoo et al. 1993). This
resulted in a rapid progress in molecular diagnosis
enabling us to employ several DNA variation screening
methods for the accurate identification of mutation AIP

carriers. These methods include denaturing gradient gel
electrophoresis DGGE and direct sequencing. On the
DGGE gels, migration of the homozygous normal subject
alleles gives a single-band specific for the normal
homoduplex. In case of the heterozygous mutated carrier,
there occurs a specific exhibition of three- or four-band
pattern. DGGE detected sequence variations might be
either disease causing the mutation or a neutral
polymorphism. DGGE of the entire coding sequence
including exons and exon/intron boundaries was
performed. Only in one fragment of exon 15, we detected
an abnormal four-band pattern suggesting a DNA
variation. We proceeded to sequencing this fragment in
both directions and we identified a single-base insertion
966insA as the causative mutation. In exon 15, together
with exons 10 and 12, high mutation frequency within
PBGD gene in AIP patients was detected (Gu et al. 1992,
Gu et al. 1993a, Mgone et al. 1993, Grandchamp et al.
1996).

The deciphering of the structure of the PBGD
enzyme had the same impact on the protein level. The
three-dimensional structure of PBGD has been defined in
E. coli by X-ray analysis (Louie et al. 1992). It has been
shown that this monomeric protein is organized in three
domains, approximately equal in size (Louie et al. 1996).
The x-ray structure and results from the site-directed
mutagenesis provided evidence for a single catalytic site
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(Louie et al. 1992). In the active site, there is a
dipyrromethane co-factor (Jordan and Warren 1987). The
active site is located between domains 1 and 2 and, the
dipyrromethane cofactor is covalently linked to a flexible
loop of side-chain of cysteine 242 residue (Hart et al
1988, Jordan and Warren 1987). Other important
interactions in the process of tetrapyrol formation are
hydrogen-bonds and salt-bridges that are formed between
its acetate and propionate side-groups and the polypeptide
chain, which are supposed to anchor the cofactor within
the active site cleft (Louie et al. 1996). Secondary
structure of domains 1 and 2 is a modified doubly wound
parallel beta-sheet which has a similar overall topology.
Domain 3 is an open-faced three-stranded antiparallel
beta-sheet, with one face covered by three alpha-helices
(Louie et al. 1996, Lambert et al. 1994). The three-
dimensional structure of the PBGD from E. coli shows
approximately 45 % amino acid sequence identity and
nearly 80 % of the amino acids are structurally related to
human PBGD (Brownlie et al. 1994). Small insertion
966insA resulted in the frameshift leading to the
incorporation of 36 completely different residues and to
premature truncation. Usually, the truncation would lead
to an unstable and inactive protein. Truncated proteins are
likely to be rapidly degradated by proteosome. The
truncated mutant protein consists of 357 amino acids as
opposed to the normal 361 amino acids. The mutant
protein includes 36 amino acids different from the
normal, lacks 4 amino acids from the C-terminus and,
part of the third enzyme domain takes up a different
shape formation. The mutation is located in the 35 sheet;
two helixes a2; and a3; of the domain 3 are completely
missing compared to the normal protein. In the wild-type
protein, the C-terminal helixes protect the beta-strands
from being exposed to solvent. This would be expected to
expose the beta-strand core that could make the mutant
protein prone to aggregation. In agreement with this
prediction, stability of the mutant PBGD was severely
impaired as we detected from SDS-PAGE results. During
protein expression, high precipitation occurred, which
decreased the amount of the soluble recombinant protein.
We presumed that the premature truncation would cause
a loss of enzymatic activity. We found that there was a
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