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Abstract — Acute intermittent porphyria (AIP), the most commaaute hepatic porphyria, is an autosomal dominant
disorder with low penetrance that results from aigladeficiency of hydroxymethylbilane synthaseMBS), the third
enzyme in the heme biosynthetic pathway. The désém<linically characterized by acute neuroviscattacks that are
precipitated by several factors including certairugd, steroid hormones, alcohol and fasting. Ealiggnosis and
counsellingare essential to prevent attacks, being mutaticalysis the most reliable method to identify asymudtic
carriers in AIP families. In this study we have éstigated the molecular defect in 15 unrelated ShaAlIP patients.
Mutation analysis of thelIMBSgene revealed a total of fourteen mutations irinlydix novel ones, two of them were on the
same allele in one patient. The novel mutationsewiiree missense (R26L, R173G and D178H), two fraiftesh
(c.749_765dup and c.874insC) and one intronic aelefilVS12+3_+11delAGGGCCTGT). RT-PCR and sequencing
demonstrated that the intronic mutation caused mhalosplicing and exon 12 skipping. Prokaryotic regsion of the novel
missense mutations showed that only D178H had fiignt residual activity. These findings will faitite the accurate
identification of presymptomatic AIP carriers inetie families and they further emphasize the madeduterogeneity of
AIP in Spain.

Key words: Porphyria, Acute intermittent porphyria, Hydroxytmgbilane synthase, Porphobilinogen deaminase albrt
analysis, Splicing defect, Prokaryotic expression.

INTRODUCTION AIP results from a partial deficiency of
hydroxymethylbilane synthase (HMBS; EC
v 4-3.1.8) also referred to as porphobilinogen
eaminase. HMBS is the third enzyme in the
eme biosynthetic pathway and it catalyzes the
polymerization of four porphobilinogen (PBG)
molecules to form hydroxymethylbilane.

The onset of clinical manifestations of AIP
Abbreviations: AIP, acute intermittent porphyri&LA , 5- generally O_CCWS during or "mer puberty, mo_re
aminolevulinic  acid; ALAS1, housekeeping 5- frequently in women than in men and it is
aminolevulinic acid synthaseiMBS, hydroxymethylbilane characterized by intermittent attacks that involve
synthasg;_NMD, nonsense-mediated mMRNA de_c;fyBG, abdominal pain, vomiting, constipation,
porphobilinogen;PCR, polymerase chain reactioRTC, 1 nertension, tachycardia, peripheral neuropathy
premature termination codoR[T, reverse transcription L .

and psychiatric complaints (1). Acute attacks are
precipitated by endogenous and exogenous
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Acute intermittent porphyria (AIP, Ml
176000) is the most common acute hepat
porphyria, and it is inherited as an autosom
dominant trait with incomplete penetrance (1).
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factors such as steroid hormones, certain drugsscurate method to identify asymptomatic gene
alcohol and fasting all of which induce hepatic 5earriers within AIP families (2, 30). About 300
aminolevulinic acid synthase (ALAS1), the firstmutations in thedMBSgene have been identified
and rate-limiting enzyme in the hemen AIP patients to date, indicative of the
biosynthesis (1). The increase in ALAS1 activitynolecular heterogeneity of this porphyria (13)
enhances the synthesis of porphyrin precursofsee also the Human Gene Mutation Database at
5-aminolevulinic acid (ALA) and PBG. Thuswww.hgmd.cf.ac.uk/ac/index.php).

partial HMBS deficiency in individuals

heterozygous for mutations in tHéMBS gene MATERIALS AND METHODS

leads to insufficient conversion of the excess

PBG into hydroxymethylbilane. This results inPatients and biochemical determinations

hepatic overproduction and massive urinary Fifteen unrelated Spanish patients with AIP were
excretion of porphyrin precursors, along with thétudled here (Table 1). Fifty unrelated healthyniitials of

.. panish origin were included as controls. The p&ievith
clinical symptoms of an acute attack of AIP (2AIP comprised fourteen females and one male regidin

16, 30_)- Therefo_r& earI_Y_ C!iagnOSiS ar?Qif‘ferent geographical regions of Spain. All pat&envere
counselling regarding precipitating factors isliagnosed and were followed up clinically at the? “de

essential to manage and prevent acute attacksAgfubre” Hospital (Madrid, Spain). The mean age of
gtlents on their inclusion in the study was 47 BL# years

symptomatlc patients and in latent heterozygm?range: 28-69 years) and the mean age at the ohghe
relatives. clinical manifestations was 27.3 + 5.9 years (rari:37
The humarHMBSgene has been mapped t@ears). The diagnosis of AIP was based on clinical
the chromosomal region 11924.1-q24.25ymptoms, increased excretion of ALA and PBG ineiras
spanning a genomic interval of 10 kb. It contain‘é’e” as decreased erythrocyte HMBS activity. Allipats

. . ere in remission at the time of the study and patients
15 exons and it produces two mRNA transcrlbe:%ere prophylactically treated with hematin at aedo$ 3-4

from different promoters, that encode thengikg every 8-10 days (patients P3 and P6). These t
housekeeping and the erythroid-specific isoformsatients had previously experienced more than 3fieac

of the enzyme (5, 24, 38). The housekeepirgjacks, whereas the remaining patients had sdffere

: : ) : : etween 1 and 7 attacks.
promoter is located in the 5’ flanking region an Urinary ALA and PBG concentrations were measured

its MRNA c.ontains. exon 1 jOine_d to exons 3-13yy the method of Mauzerall and Granick (20), whiteary
The erythroid-specific promoter is in intron 1 an@xcretion of porphyrins was determined by the metho
its MRNA contains exons 2-15 with thedescribed by Westerlung et al (36). HMBS activity in
translation initiation codon lying in exon 3. Theerythrocytes was measured as described previoasly. (

ervthroid-specific enzvme contains 344 am.nlnformed consent was obtained from each of theesibj
ythroid-specin zy ' NBefore their inclusion in the study, and the projeas

acids (~40 KD), whereas the housekeepingproved by the Ethical Committee of the Hospitald2
isoform (~42 KD) has an additional 17 residueSctubre.

at its N-terminus, of which eleven are encoded

DNA analysis
by exon 1. Genomic DNA was extracted from EDTA-

Two subtypes of AIP have been describeghticoagulated whole blood samples using the QlAamp
(1, 22, 25). In the classical form of AIP, thebNA Blood Mini kit (Qiagen GmbH, Hilden, Germany).
HMBS activity is reduced to about 50% ofThe HMBS gene was PCR amplified and sequenced using
normal in all tissues, due to a mutation thd;‘e primers described by Puy et al. (29) but wititbe GC
o

. amp. All 15 exons with their flanking intron regis were
affects both isoforms of the enzyme. In the nOrzi'mplified in five fragments (exon 1, exons 2-6, ex®-9,

erythr_Oid variant AIP (2-5% of C§3e5_)1 th@xons 10-11 and exons 11-15). PCR products wereigulirif
mutation only affects the housekeeping isoformsing the GFX PCR DNA and gel Band Purification kiE(G

and patients have normal HMBS activity jnHealthcare, Little Chalfont, UK), and sequenced nnAd|

: 130 xI Genetic Analyzer (Applied Biosystems, Fosidy,
erythrocytes. In the asymptomatic phase of AIP?ZA USA), using the Big Dye Terminator V3.1 Cycle

patients may excrete normal levels of porphyri@eduencing kit (Applied Biosystems). All mutationgres

precursors and thus, the measurement &fnfirmed on a second DNA sample. Nucleotides were
erythrocyte HMBS activity can be used to detectumbered according to the cDNA sequence for the
latent AIP individuals in family studies. housekeeping isoform of HMBS (GenBank Accession

. e .1._Number NM_000190jn which the A of the ATG initiation
Nevertheless, this approach is limited to familieg, o, was n—umbered)gs 1

with classical AIP and in addition, there is a To determine the allelic distribution of the double
significant overlap between the heterozygote anariation identified (R173G and D178H), both allelesre
the normal values observed (2). Therefore, wheéfparated by cloning using the pGEM-T Vector System

: _ : : - s (Eiomega Corporation. Madison, WI, USA), according t
a disease-causing mutation has been Identmedt manufacturer's protocol. Briefly, the PCR fragmen

a proband, a molecular analysis is the MOgLntaining the exon 10 from patient P7 was ligated the
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PGEM-T plasmid and transformed intBscherichia coli and the specific activity was calculated as nmol
strain JIM109. Twelve individual colonies were igethand uroporphyrinogen/hr/mg protein.

the cloned fragment was PCR amplified and sequenced. To study the thermal stability of the HMBS mutant
D178H, the supernatants containing wild-type or antit
RNA analysis HMBS proteins were first diluted in 100 mM Tris-HCI

The effect of the newly identified intronic mutation  buffer, pH 8.0, to a protein concentration of 1 mig/The
the mRNA splicing was studied by reverse trans@ipti proteins were preincubated at 65°C for betweend 1880
PCR (RT-PCR) and sequencing. Leukocytes were isolatedin, after which they were placed on ice and theBSM
from EDTA-anticoagulated blood using Ficoll-PaquiesP activity was measured as described above.
(Amersham Biosciences, Uppsala, Sweden), and toté&l RN
was extracted using TRIzol Reagent (Invitrogen, Cadsb RESULTS
CA, USA). Reverse transcription was carried out vath
oligo(dT) primer and eAMV reverse transcriptaseg(%a- . . . .
Aldrich, Inc. St. Louis, Missouri, USA). Subsequgnthe All patients in this study were diagnosed
full-length HMBS cDNA was amplified using the sensewith classic AlIP, displaying erythrocyte HMBS
primer 5-CCACAC ACAGCCTACTTTCCAAGCG-3 activities ranging from 41% to 67% Of the

and the antisense primer 5-TAG GCA CTG GAC AGC :
AGC AAC CCA-3". The RT-PCR products were run on ancontrol value (Table 1). The values of urinary

agarose gel, each product was cut out of the gas wPrecursors an_d porphyrins in these AIP patients
purified using the GFX PCR DNA and gel Bandin clinical remission ranged from: ALA (mg/l) =
Purification kit (GE Healthcare) and sequencedeszdbed 8.1-43.7 (normal value: 0-5.5); PBG (mg/l) =

above. 4.4-68.4 (normal value: 0-2); uroporphyrin

Prokaryotic expression and characterization of thevel (hg/24hr) = _14'1’268 (normal value: 15-50);

HMBS missense mutations coproporphyrin  (ug/24hr) = 12-1,055 (normal
The novel missense mutations were expressed Vralue: 35-150).

Escherichia coli strain JM109 (Promega Corporation. In these probands, six novel and eight

Madison, WI, USA) using the pKK223-3 expressiontaec : : : s
(Pharmacia Biotech Inc., Piscataway, NJ, USA). Tin@dn previously reported mutations were identified

wild-type HMBS cDNA was obtained by RT-PCR on RNA (Table 1). The_ novel mutations inCll{d_ed three
isolated from the K562 cell line. RNA isolation areverse Missense, two insertions and one splicing defect
transcription was performed as described abovecD¢A  (Fig.  1). Interestingly, patient P7 was

encoding the housekeeping HMBS was amplified udireg t heterozvaous for two novel mutations: R173G
primers S(ORF) and AS(ORF) (Table 2) and cloned tinéo and D1y798H (Fi 1a). To investigate whether
EcoRI-Hindlll sites of the pKK223-3 vector. This g. : g9

expression construct was designated pKK-HMBS-wthEacthese mutations were located on the same allele
of the missense mutations was introduced into #i&-p or on different alleles, the PCR product
HMBS-wt by PCR based site-directed mutagenesis (6). P%maming both mutations was cloned into the

reactions were performed using the primers indétdte B
Table 2 and the pKK-HMBS-wt plasmid as template. Fo GEM-T vector and 12 clones were sequenced.

construction of pKK-HMBS-R26L, a fragment containing WO fypes of clones were found, either
the desired mutation and th&pnl and Avalll restriction containing the wild type sequence or carrying
sites was amplified with the S(26)/AS(E11) primairpThe both the R173G and D178H mutations,

PCR product was then digested with tenl and Avalll confirming that both changes reside in the same
restriction endonucleases (New England Biolabs, Bgver

MA, USA), and purified using the GFX PCR DNA and gela”ele' . .
Band Purification kit (GE Healthcare, Little ChalfphiK). One of the two novel insertions was a 17 bp

The purifiedKpnl/Avalll fragment was ligated as a cassetteduplication of nucleotides C.749-c.765
into the corresponding sites in pKK-HMBS-wt and the(AAAGGGCCTTCCTGAGG) inserted between

resulting plasmid was transformed ino coli JM109. A s : :
similar procedure was used to construct the exjmess positions c.765 and c.766 in exon 12, designated

vectors for the (R173G; D178H) allele (pKK-HMBS- C-749_765dup (Fig. 1b). This mutation changed
R173G-D178H) and for the mutants R173G (pKK-HMBS-amino acids 256-259 from HLEG to KGPS, and
R173G) and D178H (pKK-HMBS-D178H), using theijt introduced a premature translation stop site at
primer  pairs - S(E3)/AS(173/178), S(E3)/AS(173) antqqon 260. The other novel insertion occurred in
S(E3)/AS(178), respectively. The integrity of each . . .
expression construct was confirmed by sequencing. exo_n_ 14 and was fa single cytos_me '”S?fted at

Bacterial clones containing either the pKK223-3p0sition c.874, designated c.874insC (Fig. 1b).
vector or any of the pKK-HMBS expression constrwetse  This insertion caused a frameshift generating a
grown to log phase and induced with 5 mMpremature translation termination signal 14

isopropylthiogalactoside (IPTG) for 3 hr. Cells were P
harvested by centrifugation and washed twice wiBSP codons downstream, at the beginning of exon 15.

The cell pellets were resuspended in 200 pL oflysiffer The novel 'splicing mutation was d_eteCted as
(100 mM Tris-HCI buffer, pH 8.0, 0.1% Triton-X 10epd @ 9 bp deletion at the 5end of intron 12
disrupted by sonication. The bacterial lysates wergpositions +3 to +11), designated

centrifuged and the supernatant was used as theesofi |\/512+3 +11delAGGGCCTGT (Fig. 1c). RT-
the enzyme. HMBS activity was measured as publighey — ) L
PCR performed on RNA from the patient’s
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Table 1.HMBSgene mutations identified in this study

Patient | Onset | HMBS Mutation ° (Effect) Location Reference
(Sex) age activity 2

PL(F) | 22 51 c.77G>T (R26L) Exon 3 This stud
P2 (F) 32 46 c.101A>C (Q34P) Exon 4 (7)

P3 (F) 35 63 €.340insT (frameshift and stop + 7) orex (37)

P4 (F) 20 44 €.340insT (frameshift and stop + 7) orex (37)
P5(F) | 22 55 C.499C>T (R167W) Exon 10 (10)
P6(F) | 21 65 c.517C>T (R173W) Exon 10 (21)
P7(F) | 32 65 ¢.517C>G; ¢.532G>C ([R173G; D178H]) of20 | This study
P8 (F) 18 58 IVS11-2delA (Exon 12 deletion) Intrbh (19)

P9 (F) 25 48 €.669_698del30 (ten amino acids aelgti Exon 12 (11)

P10 (F) | 29 41 €.669_698del30 (ten amino acidsidelet Exon 12 (1D

P11 (M)| 30 67 c.673C>T (R225X) Exon 12 (15)
P12 (F) | 33 45 €.749_765dupl? (p.256H> KGPSX) Exdn 1| This study
P13 (F) | 27 53 IVS12+3_+11del9 (Exon 12 deletion) tram 12 This study
P14 (F) | 37 47 €.874insC (frameshift and stop + 14) Exon 14 This study
P15(F) | 26 57 €.913insC (frameshift and stop + 1) XOreLs (28)

#HMBS: Erythrocyte hydroxymethylbilane synthase dttiexpressed as the percentage of the mean fralne50 healthy
individuals (mean * SD: 98.5 + 14.2 pmol uroporphggen/hr/mg hemoglobin).
P Absence of these sequence deviations was confiim®@ unrelated healty (non-porphyric) individuafsSpanish origin.
Reference sequences: GeneBank Accession numbers2BI#8@BSgene) and NM_00019MH(MBScDNA).
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Table 2.Primers used for expression studies

Primer Sequence (5-3)

S(ORF) CCGGAATTATGTCTGGTAACGGCAATGCG

AS(ORF) CCCAAGCTTTAATGGGCATCGTTAAGCTGC

S(26) ATTCGCGTGGGTACCICAAGAGC

AS(E11) CCACAGCATACATGCATCC

S(E3) ATTCGCGTGGGTACCGCAAGAGC

AS(173) TGTTGCCAGGATGATGGACTGAACTCCTGCTGCTCGTCCAGCTTCCGAAGCEGTGTTG
AS(178) TGTTGCCAGGATGATGGACTGAACTCCTGCTGCTCGHCAGCTTCCGAAGCCGGGTGTTG
AS(173/178)] TGTTGCCAGGATGATGGCACTGAACTCCTGCTGCTCGHCAGCTTCCGAAGCEGGTGTTG

The nucleotides underlined indicate the restric8aas for the endonucleasésoRlI (in S(ORF)),Hindlll (in AS(ORF)),
Kpnl (in S(26) and S(E3)Avallll (in AS(E11)), andBstXI(in AS(173), AS(178) and AS(173/178)). In the peimused for
mutagenesis, the mutated base is indicated bylbwlet case letters. S: sense; AS: antisense.

leukocytes gave two products, one of normal sizmexisted on one allele and prokaryotic
and another smaller one. Sequencing of thes@pression studies demonstrated that this allele
products revealed that the normal sized produekpressed an inactive polypeptide. However, the
had the wild type sequence, whereas the entiegpression of the individual mutation & coli
120 bp exon 12 was deleted in the smalleshowed that they each had a different effect on
product and exon 11 was joined precisely to exdhe protein: the R173G mutation inactivated the
13 (Fig. 1d). This exon skipping maintains thenzyme while the D178H mutation resulted in an
reading frame and predicts the synthesis of enzyme with 63% of normal activity and
protein that is missing 40 amino acids (residuatecreased thermostability. The R26L mutation
218 to 257). also caused a dramatic decrease in the enzyme
The novel missense mutations wereactivity expressed ik. coli and, like the R173G
expressed inE. coli to study the functional mutation, it affected an invariant residue
consequences of these alterations. As showniivolved in catalysis (4, 14, 17). When other
Table 3, only the D178H mutation resulted in asubstitutions of the same residues (R26C, R26H,
enzyme with significant residual activity (63%).R173W and R173Q) have been studied in
However stability studies revealed that th@rokaryotic or eukaryotic expression systems, the
D178H mutant protein was less thermostablmutant proteins also exhibited very low or no

than the wild-type enzyme (Fig. 2). residual activity (3, 8, 23, 26, 32). The residue
D178 forms a salt bridge to R201, a residue
DISCUSSION located in a surface loop between an alpha-helix

and a beta-sheet (4, 33). Interestingly, another

Among 15 unrelated Spanish patients, 1Nissense mutation at the same codon, D178N,
different mutations were identified of which gresulted in a thermo labile polypeptide with 81%

were novel mutations: three missense mutation@f residual activity when was expressedeircoli
one intronic deletion; and two frameshift(35)- ) _
mutations. The three novel missense mutations Theé two novel frameshift mutations
(R26L, R173G and D178H) affect amino acid§-749_765dup ~and  c.874insC,  introduce
that are highly conserved throughout evolutioR"émature termination codons (PTCs) in exon 12
(4). Two of these mutations (R173G and D178H§nd exon 15, respectively. Accordingly, the
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Figure 1. Novel mutations identified in theIMBS gene.(a, b, c)electropherograms showing the relevant part of the
sequence in a control individual (top) and in tfeded patients (bottomja) Left panel: mutation R26L identified in exon
3 from patient P1. Right panel: mutations R173G add8M identified in exon 10 from patient P7. Theipos of the
mutant nucleotides are indicated by arrows andathimo acid sequences are shoym).Left panel: mutation ¢.749_765dup
identified in exon 12 from patient P12. The arrowlicates the beginning of the insertion andribeleotides inserted are
underlined. Right panel: mutation ¢.874insC iderdifia exon 14 from patient P14. The arrow indicates site of the
insertion.(c) Mutation 1IVS12+3_+11delAGGGCCTGT identified in matt P13. The arrow indicates the beginning of the
deletion and the nucleotides deleted in the mualiete are underlined in the sequence of the noathele. (d) Left panel:
agarose-gel electrophoresis of tHéMBS RT-PCR products from patient P13. Right panel: parsalguence
electropherograms of the two RT-PCR products fronptiteent, a normal size product (top) and a smalleduct in which
exon 12 has been skipped (bottom).
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Figure 2. Thermostability of wild-type HMBS and mutant D178HMBS activity is expressed as the percentage of the
initial activity (Mean * SD from four independentgeriments).

Table 3.Prokaryotic expression 6fMBSmissense mutations

HMBS specific activity (nmol
Residual
Construct uroporphyrinogen/hr/mg)
Activity (%)
Mean + SD (Range)
pKK223-3 1.47 £0.04 (1.41-1.51) 0
pKK-HMBS-wt 219.42 + 11.34 (206.09 100
233.80)
pKK-HMBS-R26L 1.47 £ 0.03 (1.42-1.50) 0
pKK-HMBS-R173G-D178H 1.48 £0.03 (1.44-1.51) 0
pKK-HMBS-R173G 1.48 £0.02 (1.45-1.51) 0
pKK-HMBS-D178H 13859 =+ 1590 (115.73-63
152.09)

HMBS specific activity (SA) was determined in foundependent experiments. Residual activity was catedl|by dividing
100 X (SA-SAkk223-2 BY (SAkkHMBS-wt — SPpkk223-2)-
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transcript produced from the ¢.749_765dup alle® Brons-Poulsen, J., Christiansen, L., Petersen,., N.E
is most Iiker degraded by nonsense_mediateblorder, M., and Kristiansen, K., Characterization twb

. 1soalleles and three mutations in both isoformguoifified
MRNA decay (NMD) (12, 18). By contrast, SINC&ecombinant human porphobilinogen deamin&®and. J.

the PTC introduced by the ¢.874insC mutatiogiin. Lab. Invest2005,65: 93-106.
arises in the last exon, the mutant transcript # Brownlie, P.D., Lambert, R., Louie, G.V., Jord&n.,
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