Physiol. Res. 55 (Suppl. 2): S119-S136, 2006

May 2006 Update in Porphobilinogen Deaminase Gene
Polymorphisms and Mutations Causing Acute Intermittent
Porphyria. Comparison with the Situation in Slavic

Population

M. HRDINKA, H. PUY', P. MARTASEK

Department of Pediatrics, School of Medicine 1, Charles University, Prague, Czech Republic and
!Centre Frangais des Porphyries, INSERM U656, Colombes Cedex 18, France

Received June 16, 2006
Accepted September 4, 2006

Summary

Acute intermittent porphyria (AIP) is an autosomal dominant disorder of heme biosynthesis caused by molecular
defects in the porphobilinogen deaminase (PBGD) gene. This paper reviews published mutations, their types, and
polymorphisms within the PBGD gene. To date, 301 different mutations and 21 polymorphisms have been identified in
the PBGD gene in AIP patients and individuals from various countries and ethnic groups. During the search for
mutations identified among Slavic AIP patients we found 65 such mutations and concluded that there is not a distinct

predominance of certain mutations in Slavs.
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Introduction

Heme is produced in the mitochondrion by a
complex cellular machinery comprising eight enzymes
that are evolutionarily conserved from bacteria to
humans. Mutations in genes encoding the heme
biosynthetic pathway enzymes lead to diseases broadly
classified as porphyrias. Porphobilinogen deaminase
(PBGD, EC 4.3.1.8), also marked as hydroxymethylbilan
synthase, is the third enzyme in the heme biosynthetic
pathway. Deficiency of this enzyme results in the low-
penetrant autosomal dominant disorder, acute intermittent
porphyria (AIP, MIM 176000). Clinically, AIP is
characterized by life-threatening acute neurovisceral
attacks that can be provoked by various factors such as

drugs, hormones and alcohol. Numerous mutations within

PBGD have been identified. The probability of a
life-threatening porphyric attack in AIP is a significant
personal burden and creates a challenge for counseling
and medical management. Introducing molecular biology
techniques to the diagnosis and heme arginate to the
treatment of acute attacks increase our chances for
effective patients care.

This paper reviews published defects and
polymorphisms in the PBGD gene. Careful investigation
of published bibliography revealed 301 mutations in the
PBGD gene described so far. We hope this review will
help in molecular screening for AIP. A special attention
was given to the defects described in Slavic AIP
population in which 65 different mutations found did not
show specific hot spots in their distribution.
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Table 1. Reported Mutations in the PBGD Gene Responsible for Acute Intermittent Porphyria

Position Nucleotide change Type (.)f Mutation consequence Reference (first report)
mutation

Promoter

-154 del G other Transcription impairment Whatley et al. 2000

Exon 1

3 G>A* MS M1l Chen et al. 1994

33 G>A SD @) Luchinina et al. 2005

33 G>T* SD ;2516;25 peondon. Grandchamp et al. 1989

IVS 1

33+1 G>A* SD {:\és_l)6s7t:§ ie;eintlon ’ Grandchamp et al. 1989b

IVS1 67 bp retention ,

33+1 G>T SD FS S toé’ ol Yu et al. 2000

3342 T>A SD ;2516;:;’ peention, Puy et al. 1998

3342 T>C SD IF\gSi»6s7t:§ feiention, Brasch et al. 2004

3343 G>T SD IF‘gS_l)z:g feiention, Mustajoki et al. 1998

33+5 G>A SD @) Luchinina et al. 2005

3345 G>C SD IF\QS_I)(’SZ;’E peionton. Puy et al. 1998

1IVS 2

34-2 A>G SA Exon 3 deletion Gouya et al. 2004

Exon 3

41 del A FS FS — Stop +3 Whatley et al. 2000

53 del T FS FS — Stop + 2 Surin et al. 2001

64 C>T* MS R22C Ong et al 1998

66 C>G SD Exon 3 deletion Llewellyn et al. 1996

70 G>A MS G24S Rosipal et al. 1997

72 G>A MS G24D Luchinina et al. 2005

76 C>T* MS R26C Kauppinen et al. 1995

77 G>A* MS R26H Llewellyn et al. 1993

83 G>A MS S28N Puy et al. 1997

86 A>T MS Exon 3 deletion Mustajoki et al. 1998

IVS 3

87+1 G>A* SD Exon 3 deletion Lundin et al. 1995

87+2 G SD Exon 3 deletion ? Schneider-Yin et al. 2006

87+5 G>T SD Exon 3 deletion ? Luchinina et al. 2005

88-2 A>G SA Exon 4 deletion Floderus et al. 2002

Exon 4

88 C>A SA Exon 4 deletion Gouya et al. 2004

91 G>A* MS A31T Gu et al. 1994

91 G>C* MS A31P Whatley et al. 1999

92 C>T MS A31V Luchinina et al. 2005

97 del A* FS FS — Stop + 10 Kauppinen et al. 1995

100 C>A* MS Q34K Mgone et al. 1992

100 C>T MS Q34X Kauppinen et al. 1995

101 A>C* MS Q34P De Siervi et al. 1999a

101 A>G MS Q34R Gouya et al. 2004

104 C>T MS T35M De Siervi et al. 2000

108 109 ins T FS FS — Stop + 16 Solis et al. 1999

125 T>A* NS L42X Puy et al. 1996

125 T>C* MS L42S Whatley et al. 1999

134 C>A NS S45X Martinez di Montemuros et al. 2000

138 C>A NS Y46X Gregor et al. 2002
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148 C>T NS Q50X Floderus et al. 2002
158 159 ins A FS FS — Stop + 12 Rosipal et al. 1997
IVS 4
160+1 G>T SD Exon 4 deletion Puy et al. 1997
160+1 G>A SD Exon 4 deletion Whatley et al. 1999
161-6 C>G* SD Exon 5 deletion Whatley et al. 1999
161-3 5 del CTC SA Exon 5 deletion ? Schneider-Yin et al. 2006
161-2 A>C SA Exon 5 deletion Whatley et al. 1999
161-1 G>C SA Exon 5 deletion Petersen et al. 1998
Exon 5
163 G>T* MS ASSS Gu et al. 1994
168 169 del GT FS FS — Stop + 8 Schreiber et al. 1995a
174 del C* FS FS — Stop + 40 Gu et al. 1994
178 179 ins G FS FS — Stop + 5 Gouya et al. 2004
180 181 ins Alu (333 bp) FS FS — Stop + 18 Mustajoki et al. 1999
181 G>A MS D6IN Whatley et al. 1999
181 G>T MS D61Y Gregor et al. 2002
181 G>C MS D61H Brasch et al. 2004
181 del G FS FS — Stop + 37 Di Pierro et al. 2005
182 183 ins G* FS FS — Stop + 5 Gu et al. 1994
182 del A FS FS — Stop + 36 Martinez di Montemuros et al. 2000
182 183 ins GA FS FS — Stop + 37 Martinez di Montemuros et al. 2001
184 185 del AA FS FS — Stop + 3 Whatley et al. 1999
202 203 del CT FS FS — Stop +2 Luchinina et al. 2005
206 207 del CT* NS S69X Puy et al. 1997
207 del T FS FS — Stop + 28 Floderus et al. 2002
207_208 ins T FS FS — Stop + 1 Gouya et al. 2004
210 G>A SD Exon 5 deletion (?) Floderus et al. 2002
IVS 5
210+1 G>A* SD Exon 5 deletion Gu et al. 1994
210+2 3 ins G* SD Exon 5 deletion Puy et al. 1997
210+2 >C SD Exon 5 deletion Whatley et al. 1999
211-1 G>A SA Exon 6 deletion Di Pierro et al. 2005
211-1 G>C SA Exon 6 deletion Surin et al. 2001
Exon 6
215 216 del GA FS FS — Stop + 10 Gross et al. 1999
218 219 del AG* FS FS — Stop +9 Gu et al. 1994
232 A>C MS T78P Ramdall et al. 2000
239 A>G MS E80G Ramdall et al. 2000
242 T>C MS L81P Hesslels et al. 2004
254 T>G* MS L85R Whatley et al. 1999
257 A>T MS E86V Floderus et al. 2002
IVS 6
266+1 G>C SD Exon 6 deletion Lundin et al. 1997
267-54 61 del GAAGGGGT SA (?) Exon 7 deletion (?) Brasch et al. 2004
Exon 7
269 >G MS Vo0G Whatley et al. 1999
275 T>C MS L92P Floderus et al. 2002
277 G>T MS VO3F Chen et al. 1994
278 T>A MS V93D Luchinina et al. 2005
278 280 del TTG IFD del V93 Gregor et al. 2002
287 C>T MS S96F De Rooij et al. 1995
291 del G FS FS — Stop + 37 Puy et al. 1997
293 A>G MS K98R Kauppinen et al. 1995
295 G>C MS D99H De Rooij et al. 1995
295 G>A MS DI99N Martinez di Montemuros et al. 2001
296 A>G MS D99G Floderus et al. 2002
308 309 del TG FS FS — Stop + 18 Martinez di Montemuros et al. 2000
314 315 ins C FS FS — Stop + 15 Schreiber et al. 1995a
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315 del T FS FS — Stop + 15 Gregor et al. 2002

323 324 ins T FS FS — Stop + 13 Whatley et al. 1999
331 G>A* MS GI111R Gu et al. 1993a

335 C>A MS A112D Luchinina et al. 2005
338 T>C MS I113T Floderus et al. 2002
339 340 ins T FS FS — Stop +7 Solis et al. 2004

340 341 ins T* FS FS — Stop +7 Whatley et al. 1999
342 C>A NS C114X Puy et al. 1997

IVS 7

344+1 G>A SD Exon 7 deletion Robreau-Fraolini et al. 2000
344+1 G>C SD Exon 7 deletion Cappellini et al. 2002
344+2 >C SD IVS 7 15 bp retention Martinez di Montemuros et al. 2000
344+2 5 del TAAG SD Exon 7 deletion Surin et al. 2001
344+33 G>T SD Exon 7 deletion Whatley et al. 1999
345-2 A>G SA Exon 8 deletion Floderus et al. 2002
345-1 G>C SA Exon 8 deletion Brasch et al. 2004
345-1 G>A SA Exon 8 deletion Schreiber et al. 1994a
Exon 8

346 C>T* MS R116W Gu et al. 1993

347 G>A MS R116Q Mgone et al. 1994

356 C>T MS P119L Lundin et al. 1995

361 G>T MS DI21Y Schneider-Yin et al. 2006
371 T>A MS V124D Puy et al. 1997

415 G>T NS E139X Luchinina et al. 2005
416 417 ins CA FS FS — Stop + 116 Mustajoki et al. 1998
422 del G SD Exon 8 deletion Whatley et al. 1999
IVS 8

422+1 G>T* SD Exon 8 deletion Lundin et al. 1995
423-1 G>A SA ) Luchinina et al. 2005
423-1 G>T SA Deletion 15 bp Exon 9 De Siervi et al. 1999
Exon 9

445 C>T* NS R149X Kauppinen et al. 1995
446 G>A* MS R149Q Delfau et al. 1991

446 G>T* MS R149L Gu et al. 1994

453 455 del AGC IFD del A152 De Siervi et al. 1999
463 C>T NS Q155X Scobie et al. 1990a
469 470 del AA FS FS — Stop + 52 Di Pierro et al. 2004a
470 471 ins A FS FS — Stop + 53 Schreiber et al. 1994
489 490 ins TCCT FS FS — Stop + 1 Whatley et al. 1999
IVS 9

498+1 G>A SD Exon 9 deletion Nielsen 1997

498+15 G>T SD (?) Exon 9 deletion (?) Brasch et al. 2004
498+22 G>A SD ? Martinez di Montemuros et al. 2001
499-13 del 14 ins 3 SA (?) Exon 10 deletion (?) Brasch et al. 2004
499-1 G>A* SA Exon 10 deletion Lundin et al. 1994
Exon 10

499 C>T* MS R167W Guetal 1992

500 G>A* MS R167Q Delfau et al. 1990

500 del G FS FS — Stop + 98 Puy et al. 1997

503 504 ins A FS FS — Stop + 40 Schuurmans et al. 2001
508 510 del CTC IFD del L170 Schuurmans et al. 2001
517 533 del 17 bp FS FS — Stop + 30 Puy et al. 1997

517 C>T* MS R173W Lee 1991

518 G>A* MS R173Q Delfau et al. 1990

530 T>G* MS L177R Mgone et al. 1992

532 G>A* MS D178N Puy et al. 1997

541 C>T* NS Q181X Whatley et al. 1999
552 del T FS FS — Stop + 5 Gregor et al. 2002

569 C>T MS T1901 Schuurmans et al. 2001
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576 595 del 19 bp FS FS — Stop + 58 Puy et al. 1997
580 C>T NS Q194X Martinez di Montemuros et al. 2001
583 C>T* MS R195C Kauppien et al. 1995
593 G>A* NS W198X Lee and Anvret 1991
600 del C FS FS — Stop + 55 Luchinina et al. 2005
601 C>T* MS R201W Lundin et al. 1994
604 G>T MS V202F Gross et al. 1999
604 del G FS FS — Stop + 53 Schreiber et al. 1994
609 610 ins G FS FS — Stop +5 Schneider-Yin et al. 2006
610 C>A MS Q204K Ulbrichova, unpubl. data
610 C>T* NS Q204X Mgone et al. 1994
612 G>T* SD del 3 aa Delfau et al. 1991
IVS 10
612+2 >C SD Exon 10 deletion Puy et al. 1997
612+2 1>n(\:f CT ?,SfG SD Exon 10 deletion Petersen et al. 1998
613-1 G>A SA Exon 11 deletion Gouya et al. 2004
613-1 G>T* SA Exon 11 deletion Robreau-Fraolini et al. 2000
Exon 11
623 del C FS FS — Stop + 47 Lam et al. 2001
625 G>A* MS E209K Puy et al. 1997
629 del A FS FS — stop +45 Lee et al. 1995
634 A>G MS M212V Solis-Villa et al. 1997
639 G NS Y213X Puy et al. 1997
647 G>A MS G216D Lundin et al. 1997
646 647 ins A FS FS — stop + 51 Luchinina et al. 2005
650 A>G MS Q217R Schneider-Yin et al. 2006
650 A>T MS Q217L Schneider-Yin et al. 2000
651 G>T MS Q217H Puy et al. 1997
IVS 11
651+1 G>C SD Exon 11 retention Petersen et al. 1998
651+2 >C SD Exon 11 retention Whatley et al. 1999
652-5 4 del ins AT>TC SA ) Luchinina et al. 2005
652-3 C>G* SA Exon 12 deletion Llewellyn et al. 1996
652-2 A>G SA Exon 12 deletion Petersen et al. 1998
652-2 A>C SA Exon 12 deletion Bor et al. 2003
652-2 del A SA Exon 12 deletion Martinez di Montemuros et al. 2001
652-1 del G* SA Exon 12 deletion Puy et al. 1997
652-1 G>C* SA Exon 12 deletion Puy et al. 1997
Exon 12
654 655 ins G FS FS — Stop + 33 Di Pierro et al. 2004b
656 C>A MS A219D Whatley et al. 1999
664 G>A MS V222M Mustajoki et al. 1998
665 666 ins A FS FS — Stop + 28 De Siervi et al. 1999a
666 667 del GG FS FS — Stop + 28 De Siervi et al. 1997
667 G>A* MS E223K Gu et al. 1994
669 698 del 30 bp* IFD del 11 aa Guillen-Navarro et al. 2004
673 C>G* MS R225G Kauppinen et al. 1995
673 C>T* NS R225X Kauppinen et al. 1995
674 G>A MS R225Q Floderus et al. 2002
675 del A FS FS — Stop + 29 Ulbrichova, unpubl. data
680 681 ins AA FS FS — Stop + 28 Whatley et al. 1999
691 721 del 30 bp IFD del aa 231 241 Puy et al. 1997
706 G>A MS G236S Gouya et al. 2004
713 T>G* MS L238R Kauppinen et al. 1995
715 716 del CA* FS FS — Stop +9 Puy et al. 1996
716 ins C FS FS — Stop + 10 Puy et al 1997
721 C>T MS P241S Schuurmans et al. 2001
723 744 dupl 21 bp IFI Repeat 7 aa Puy et al. 1997
723 del C FS FS — Stop + 13 Whatley et al. 1999



S124 Hrdinka et al. Vol. 55
728 del C FS FS — Stop + 12 De Siervi et al. 1997
728 729 del CT FS FS — Stop + 6 De Siervi et al. 1999a
730 731 del CT* FS FS — Stop + 6 Mgone et al. 1993
731 T>C MS L244P Gouya et al. 2004
731 732 ins T FS FS — Stop + 6 Schneider-Yin et al. 2006
734 T>G* MS L245R Delfau et al. 1991
739 T>C* MS C247R Mgone et al. 1993
740 G>T* MS C247F Chen et al. 1994
741 742 ins 13 bp FS FS — Stop +7 Gouya et al. 2004
742 743 ins TTCGCTGC* FS FS — Stop + 10 Gu et al. 1994
744 751 del CGCTGAAA FS FS — Stop + 40 Bor et al. 2003
748 G>C* MS E250Q Lundin et al. 1995
748 G>A* MS E250K Gu et al. 1994
748 749 ins CATCGCTG  FS FS — Stop +7 Whatley et al. 1999
749 A>T MS E250V Puy et al. 1997
749 A>C MS E250A Puy et al. 1997
749 del A FS FS — Stop + 12 Gouya et al. 2004
754 G>A MS A252T Mgone et al. 1993
754 G>C MS A252P Nissen et al. 1997
755 C>T* MS A252V Mgone et al. 1993
766 C>T* MS H256Y Puy et al. 1997
766 C>A MS H256N Mgone et al. 1992
770 T>C MS+FS L257P + Exonl1/12 del. Pischik et al. 2005
771 772 ins T FS FS — Stop + 33 Ong et al. 1996
771 G>A* SD Exon 12 deletion Grandchamp et al. 1989
771 G>C SD Exon 12 deletion Diamon et al. 1993
IVS 12
771+1 G>C SD Exon 12 deletion De Siervi et al. 1999a
771+1 G>A* SD Exon 12 deletion Puy et al. 1996
771+1 G>T SD Exon 12 deletion Rosipal et al. 1997
77142 >C SD Exon 12 deletion Martinez di Montemuros et al. 2001
772-17 A>G SA ) Luchinina et al. 2005
772-2 A>G SA Exon 13 retention Mustajoki et al. 1998
772-1 G>A* SA Exon 13 deletion Puy et al. 1997
Exon 13
779 G>A MS G260D Floderus et al. 2002
798 799 ins AGCC FS FS — Stop + 24 Whatley et al. 1999
799 G>A MS V267M Rosipal et al. 1997
806 C>T* MS T2691 Mgone et al. 1994
809 C>A MS A270D Puy et al. 1997
809 C>G MS A270G Robreau-Fraolini et al. 2000
815 818 del AGGA FS FS — Stop + 6 De Siervi et al. 1999a
820 G>A MS G274R Mgone et al. 1994
823 C>T NS Q275X Puy et al. 1997
IVS 13
825+1 G>C SD Exon 13 deletion Brasch et al. 2004
825+1 G>A SD Exon 13 deletion Llewellyn et al. 1996
825+2 T>C SD Exon 13 deletion Brasch et al. 2004
825+2 T>A SD Exon 13 deletion Gross et al. 1999
852+2 6 G SD Exon 13 deletion ? Luchinina et al. 2005
825+5 G>C SD Exon 13 del 2 aa + FS Pischik et al. 2005
825+3 6 del AAGT SD Exon 13 deletion Pischik et al. 2005
826-2 A>G* SA IVS 13 retention Mustajoki et al. 1998
826-1 G>A SA IVS 13 retention Martinez di Montemuros et al. 2001
Exon 14
833 >C MS L278P Mustajoki et al. 1998
835 837 del ACT ins G FS FS — Stop + 10 Solis et al. 1999
838 G>A MS G280R Kauppinen et al. 1995
841 843 del GGA* IFD del G281 De Siervi et al. 2000
847 848 del TG FS FS — Stop +7 Lundin et al. 1997
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848 G>A* NS W283X Mgone et al. 1994
849 G>A* NS W283X Schreiber et al. 1995a
854 855 del TA FS FS — Stop + 4 Puy et al. 1997
863 C>A NS S288X Puy et al 1997
863 G NS S288X Petersen et al. 1998
863 864 ins T FS FS — Stop + 29 Floderus et al. 2002
866 869 del ATAG FS FS — Stop + 26 Whatley et al. 1999
874 C>T* NS Q292X Schneider-Yin et al. 2000
886_887 ins A FS FS — Stop + 10 Gross et al. 1999
886 C>T NS Q296X Kauppinen et al. 1995
900 901 ins T FS FS — Stop + 6 Schreiber et al. 1995
900 del T* FS FS — Stop + 15 Delfau et al. 1991
911 del A FS FS — Stop + 13 (?) Bor et al. 2003
1VS 14
912+1 G>A* SD Exon 14 deletion Gu et al. 1993a
912+1 G>T SD Exon 14 deletion Whatley et al. 1999
912+2 T>C SD Exon 14 deletion (?) Luchinina et al. 2005
913-2 A>G SA Exon 15 deletion Floderus et al. 2002
Exon 15
913 914 ins C* FS FS — Stop + 1 Puy et al. 1996
940 C>T NS Q314X Di Pierro et al. 2004
948 del A FS FS — Stop + 27 De Siervi et al. 1999a
950 951 ins G FS FS — Stop + 5 Flachsova et al. 2003
962 G>A MS R321H Schuurmans et al. 2001
965 966 ins A FS FS — Stop + 36 Ulbrichova, unpubl. data
973 C>T* NS R325X Petersen et al. 1996
980 986 del CCCAGTT FS FS — Stop + 14 De Siervi et al. 1997
982 del C FS FS — Stop + 16 Whatley et al. 1999
982 983 del CA FS FS — Stop + 30 Maeda et al. 2000
985 996 del 12 bp IFD del LAAQ De Siervi et al. 1999a
986 987 ins T FS FS — Stop + 30 Petersen et al. 1998
992 ... del 131 bp IFD del 31 aa Gregor et al. 2002
1000 1018 del 19 bp FS FS — Stop +9 Kauppinen et al. 2005
1002 del G FS FS — Stop + 8 Ong et al 1998
1003 G>A MS G335S De Siervi et al. 1999a
1004 G>A* MS G335D Puy et al. 1997
1004 del G FS FS — Stop +9 Robreau-Fraolini et al. 2000
1013 >G MS L338R Luchinina et al. 2005
1024 1071 del 67 bp FS ? Luchinina et al. 2005
1028 T>C MS L343P Floderus et al. 2002
1029 1033 del GAGCA FS FS — Stop + 13 Luchinina et al. 2005
1062 1063 insC FS FS — Stop + 4 Daimon et al. 1994
1067 del A FS ? Brasch et al. 2004
1067 _1068 ins CGGCA FS FS — Stop + 90 Brasch et al. 2004
1073 del A* FS (7 Kauppinen et al. 1995

Nucleotide positions are numbered according to human PBGD cDNA deduced from GenBank sequences (Accession No. M95623 and
X04808, ATG initiation codon for the housekeeping isoform is +1). Amino acids (aa) and nucleotides — standard one-letter
abbreviations, X — nonsense codon, SD — donor site splice defect, SA —acceptor site splice defect, NS — nonsense mutation, MS —
missense mutation, FS — frameshift mutation, IFD — in-frame deletion, IFI — in-frame insertion, IVS — Intervening Sequence (intron),
ins — insertion, del — deletion, delins — deletion followed by insertion, inv - inversion, dupl - duplication, (?) - predicted
consequence / not tested / data not available, * — found in more than one subject (Cappellini et al. 2002)
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Table 2. Reported Mutations in the PBGD Gene Responsible for Acute Intermittent Porphyria in Slavic Populations

Nucleotide

Type of

Mutation

Position change mutation consequence Country Reference (first report)
Exon 1
33 G>A SD (7 Russia Luchinina et al. 2005
IVS1
33+5 G>A SD (7) Russia Luchinina et al. 2005
Exon 3
70 G>A MS G248 Czech Rep. Rosipal et al. 1997
72 G>A MS G24D Russia Luchinina et al. 2005
76 C>T MS R26C Czech Rep., Russia  Kauppinen et al. 1995
77 G>A MS R26H Czech Rep., Poland, Llewellyn et al. 1993
Russia
IVS 3
87+2 G SD Exon 3 deletion (?)  Poland Schneider-Yin et al. 2006
87+5 G>T SD Exon 3 deletion (?)  Poland, Russia Luchinina et al. 2005
Exon 4
92 C>T MS A31V Russia Luchinina et al. 2005
138 C>A NS Y46X Poland Gregor et al. 2002
158 159 ins A FS FS — Stop + 12 Czech Rep. Puy et al. 1997
IVS 4
161-3 5 del CTC SA Exon 5 deletion (?)  Poland Schneider-Yin et al. 2006
Exon 5
181 G>T MS D61Y Poland Gregor et al. 2002
202 203 del CT FS FS — Stop + 2 Russia Luchinina et al. 2005
206 207 del CT NS S69X Russia Puy et al. 1997
210 G>A SD Exon 5 deletion (?)  Poland Floderus et al. 2002
IVS 5
211-1 G>C SA Exon 6 deletion Russia Surin et al. 2001
Exon 7
278 280 del TTG IFD del VO3 Poland Gregor et al. 2002
315 del T FS FS — Stop + 15 Poland Gregor et al. 2002
331 G>A MS G111R Czech Rep., Poland, Gu et al. 1993a
Russia
335 C>A MS Al12D Russia Luchinina et al. 2005
IVS 7
344+1 G>A SD Exon 7 deletion Poland Robreau-Fraolini et al. 2000
34442 5 del TAAG SD Exon 7 deletion Russia Surin et al. 2001
Exon 8
415 G>T NS E139X Russia Luchinina et al. 2005
361 G>T MS DI21Y Poland Schneider-Yin et al. 2006
IVS 8
423-1 G>A SA Deletion 15 bp Exon Russia Luchinina et al. 2005
EAG)
Exon 9
445 C>T NS R149X Poland, Russia Kauppinen et al. 1995
Exon 10
499 C>T MS R167W Russia Guetal. 1992
517 C>T MS R173W Russia Lee 1991
518 G>A MS R173Q Czech Rep., Poland  Delfau et al. 1990
552 del T FS FS — Stop + 5 Poland Gregor et al. 2002
583 C>T MS R195C Russia Kauppien et al. 1995
600 del C FS FS — Stop + 55 Russia Luchinina et al. 2005
609 610 ins G FS FS — Stop + 5 Poland Schneider-Yin et al. 2006
610 C>T NS Q204X Russia Mgone et al. 1994
610 C>A MS Q204K Czech Rep. Ulbrichova, unpubl. data

Exon 11
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647 G>A MS G216D Russia Lundin et al. 1997
646 647 ins A FS FS — stop + 51 Russia Luchinina et al. 2005
650 A>G MS Q217R Poland Schneider-Yin et al. 2006
IVS 11
652-1 G>C SA Exon 12 deletion Russia Puy et al. 1997
652-5 4 del ins SA @) Russia Luchinina et al. 2005
AT>TC
Exon 12
673 C>T NS R225X Poland, Russia Kauppinen et al. 1995
675 del A FS FS — Stop +29 Czech Rep. Ulbrichova, unpubl. data
730 731 del CT FS FS — Stop + 6 Poland Mgone et al. 1993
731 732 ins T FS FS — Stop + 6 Poland Schneider-Yin et al. 2006
739 T>C MS C247R Russia Mgone et al. 1993
748 G>C MS E250Q Russia Lundin et al. 1995
770 T>C MS+FS L257P + Exon 11/12 Russia Pischik et al. 2005
deletion
IVS 12
771+1 G>T SD Exon 12 deletion Czech Rep., Russia  Rosipal et al. 1997
771+1 G>C SD Exon 12 deletion Russia De Siervi et al. 1999a
77142 T>C SD Exon 12 deletion Poland Martinez di Montemuros et
al. 2001
772-17 A>G SA (7) Russia Luchinina et al. 2005
Exon 13
799 G>A MS V267M Czech Rep. Rosipal et al. 1997
IVS 13
825+1 G>A SD Exon 13 deletion Russia Llewellyn et al. 1996
825+2 T>A SD Exon 13 deletion Russia Gross et al. 1999
825+3 6 del AAGT SD Exon 13 deletion Poland, Russia Pischik et al. 2005
825+5 G>C SD Exon 13 del 2 aa + Russia Pischik et al. 2005
FS
852+2 6 >G SD Exon 13 deletion ? Russia Luchinina et al. 2005
1VS 14
912+2 T>C SD Exon 14 deletion ? Russia Luchinina et al. 2005
Exon 15
965 966 ins A FS FS — Stop + 36 Czech Rep. Ulbrichova, unpubl. data
982 983 del CA FS FS — Stop + 30 Poland Maeda et al. 2000
992 ... del 131 bp IFD del 31 aa Poland Gregor et al. 2002
1013 G MS L338R Russia Luchinina et al. 2005
1024 del 67 bp FS ) Russia Luchinina et al. 2005
1029 1033  del FS FS — Stop + 13 Russia Luchinina et al. 2005
GAGCA

Nucleotide positions are numbered according to human PBGD cDNA deduced from GenBank sequences (Accession No. M95623 and
X04808, ATG initiation codon for the housekeeping isoform is +1). Amino acids (aa) and nucleotides — standard one-letter
abbreviations, bp — base pairs, X — nonsense codon, SD — donor site splice defect, SA — acceptor site splice defect, NS — nonsense
mutation, MS — missense mutation, FS — frameshift mutation, IFD — in-frame deletion, IFI — in-frame insertion, IVS — Intervening
Sequence (intron), ins — insertion, del — deletion, delins — deletion followed by insertion, inv — inversion, dupl - duplication, ? —
predicted consequence/not tested/data not available
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Table 3. Reported PBGD Gene Polymorphisms and Variants

Nucleotide Screening Population No.

change method studied Frequency reported studied References
Promoter
-235 A>T Sequencing Swedish A:0,67,T:0,33 33 Lundin and Anvret 1997
Caucasians A:0,65;T: 0,35 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans A: 0,75, T: 0,25 30 Robreau-Fraolini et al. 2000
Africans A:0,67,T:0,33 68 Robreau-Fraolini et al. 2000
5'UTR
-64 C>T RFLP Euro. Caucasians  C: 0,63; T: 0,37 35 Picat et al. 1991
(Apal) Canadians C:0,52; T: 0,48 100 Schreiber et al. 1992
Caucasians C:0,63; T: 0,37 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans C:0,63; T: 0,37 30 Robreau-Fraolini et al. 2000
Africans C:0,71; T: 0,29 68 Robreau-Fraolini et al. 2000
IVS 1
245 G>A RFLP Euro. Caucasians  G: 0,53; A: 0,47 20 Llewellyn et al. 1987
(MspI) Finnish G:0,41; A: 0,59 66 Kauppinen et al. 1990
European G:0,54; A: 0,46 96 Scobie et al. 1990
Swedish G:0,60; A: 0,40 98 Leeetal 1991
N. A Caucasians G:0,58; A: 0,42 104 Yoo et al. 1993
Caucasians G:0,58; A: 0,42 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans G:0,53; A: 0,47 30 Robreau-Fraolini et al. 2000
Africans G:0,64; A: 0,36 68 Robreau-Fraolini et al. 2000
400 T>C RFLP European T:0,58; C: 0,42 37 Lee and Anvret 1987
(Pstl) European T: 0,55; C: 0,45 137 Scobie et al. 1990
Finnish T:0,74; C: 0,26 66 Kauppinen et al. 1990
Swedish T: 0,60; C: 0,40 98 Leeetal 1991
N. A. Caucasians  T: 0,62; C: 0,38 106 Yoo et al. 1993
Caucasians T:0,62; C: 0,38 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans T: 0,65; C: 0,35 30 Robreau-Fraolini et al. 2000
Africans T: 0,68; C: 0,32 68 Robreau-Fraolini et al. 2000
1277 C>A  RFLP Swedish C: 0,60; A: 0,40 98 Leeetal 1991
(ApaLl) N. A. Caucasians  C: 0,54; A: 0,46 100 Yoo et al. 1993
Caucasians C:0,54; A: 0,46 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans C:0,55; A: 045 30 Robreau-Fraolini et al. 2000
Africans C:0,59; A: 0,41 68 Robreau-Fraolini et al. 2000
2478 A>G  RFLP Finnish A:0,25; G: 0,75 66 Kauppinen et al. 1990
(BstNI) European A:0,53; G: 0,47 100 Scobie et al. 1990
Swedish A:0,55; G: 0,45 34 Leeetal 1991
N. A. Caucasians  A:0,62; G: 0,38 104 Yoo et al. 1993
Caucasians A:0,62; G: 0,38 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans A:0,62; G: 0,38 30 Robreau-Fraolini et al. 2000
Africans A:0,66; G: 0,34 68 Robreau-Fraolini et al. 2000
IVS 2
3119 G>T DGGE Japanese G:0,95; T: 0,05 31 Daimon et al. 1993a
Caucasians G: 0,95; T: 0,05 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans G:0,97; T: 0,03 30 Robreau-Fraolini et al. 2000
Africans G:0,97; T: 0,03 68 Robreau-Fraolini et al. 2000
3167delG DGGE Caucasians G: 1,00; delG: 0,00 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans G: 0,83; delG: 0,17 30 Robreau-Fraolini et al. 2000
Africans G: 0,91; delG: 0,09 68 Robreau-Fraolini et al. 2000
IVS 3
3581 A>G RFLP Japanese A:0,21; G: 0,79 31 Daimon et al. 1993
(BsmAIl) N. A. Caucasians  A:0,59; G: 0,41 100 Yoo et al. 1993
Argentinean A:0,56; G: 0,44 64 De Siervi et al. 1999a
Caucasians A:0,75; G: 0,25 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans A:0,79; G: 0,21 30 Robreau-Fraolini et al. 2000
Africans A:0,85;G:0,15 68 Robreau-Fraolini et al. 2000

Exon 4
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3615 C>T DGGE French ? (7 Puy et al. 1997
IVS 4
3982 T>C  RFLP British T:0,58; C: 0,42 20 Whatley et al. 1999
(Hhal) Caucasians T:0,58; C: 0,42 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans T: 0,60; C: 0,40 30 Robreau-Fraolini et al. 2000
Africans T:0,67; C:0,33 68 Robreau-Fraolini et al. 2000
Exon 7
4679 C>T  Sequencing German (7) (7) Brasch et al. 2004
Exon 10
6479 G>T DGGE Euro. Caucasians  G: 0,65; T: 0,35 43 Guetal 1991
N. A Caucasians G:0,69; T: 0,31 100 Yoo et al. 1993
Argentinean G:0,81; T: 0,19 74 De Siervi et al. 1999a
Caucasians G:0,69; T: 0,31 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans G:0,76; T: 0,24 30 Robreau-Fraolini et al. 2000
Africans G:0,70; T: 0,30 68 Robreau-Fraolini et al. 2000
German G:0,73; T: 0,27 22 Brasch et al. 2004
IVS 10
6589 A>G  Sequencing German ? (?) Brasch et al. 2004
6761 A>G  Sequencing German ? @) Brasch et al. 2004
7052 A>G DGGE Caucasians A:1,00; G: 0,00 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans A:0,60; G: 0,40 30 Robreau-Fraolini et al. 2000
Africans A:0,54;G: 0,46 68 Robreau-Fraolini et al. 2000
7064 C>A  RFLP N. A Caucasians C:0,75; A: 0,25 92 Yoo et al. 1993
(HinfT) Chinese C:0,50; A: 0,50 50 Lam et al. 2001
Caucasians C:0,75; A: 0,25 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans C:0,69; A: 0,31 30 Robreau-Fraolini et al. 2000
Africans C:0,70; A: 0,30 68 Robreau-Fraolini et al. 2000
IVS 12
7539 C>T  Sequencing British C:0,87; T: 0,13 19 Whatley et al. 1999
Caucasians C:0,87; T: 0,13 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans C:0,94; T: 0,06 30 Robreau-Fraolini et al. 2000
Africans C:0,98; T: 0,02 68 Robreau-Fraolini et al. 2000
I1VS 14
7998 G>A  RFLP N. A Caucasians G:0,97; A: 0,03 96 Yoo et al. 1993
(MnlI) Caucasians G:0,97; A: 0,03 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans G: 0,94; A: 0,06 30 Robreau-Fraolini et al. 2000
Africans G:0,95; A: 0,05 68 Robreau-Fraolini et al. 2000
8003 G>A  Sequencing Chinese G:0,99; A: 0,01 50 Lam et al. 2001
3" UTR
8578 G>A  RFLP Chinese G:0,64; A: 0,36 48 Law et al. 1999
(Bsrl) Caucasians G:0,65; A: 0,35 78 Robreau-Fraolini et al. 2000
Afro-Caribbeans G: 0,65; A: 0,35 30 Robreau-Fraolini et al. 2000
Africans G:0,58; A: 0,42 68 Robreau-Fraolini et al. 2000

Position of nucleotide change is numbered relative to the translation initiation codon in Exon 1 in genomic DNA sequence (GenBank
Accession No. M95623, A in the ATG initiation codon for the housekeeping isoform is +1). Nucleotides — standard one-letter
abbreviations, DGGE — Denaturing Gradient Gel Electrophoresis, RFLP — Restriction Fragment Length Polymorphism, name of
restriction enzyme in parentheses, IVS — Intervening Sequence (intron), UTR — Untranslated Region, N. A Caucasians — North
American Caucasians, Euro. Caucasians — European Caucasians, ? — not tested / data not available
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Fig. 1A: Exon / intron organisation of the PBGD gene, ATG — translation initiation codon, TAA — translation termination codon. 1B:
Graphical representation of mutations in the PBGD gene at DNA level. 1C: Graphical representation of mutations in the PBGD gene at
protein level.
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Fig. 2A. Location, number and type of mutations in the PBGD gene at DNA level. 2B. Location, number and type of mutations in the
PBGD gene at protein level. 2C. The number of mutations found in exons divided by the length of each exon (i.e. number of mutations
per base pair) of the PBGD gene expressed as relative percentage. Intronic mutations are not included.



S132 Hrdinka et al. Vol. 55

Acknowledgements of Charles University (GAUK 10/2004) and Grant
This work was supported by grants from the Grant Agency =~ Barrande 2006-06-040, and grant MSM 0021620806.

References

BOR M, BALOGH K, BERKES E, SZEKELY E, PUSZTAI A, TASNADI G, HUNYADY L. Genetic screening of
acute intermittent porphyria in Hungary: an update. Porphyrins & Porphyrias International Conference, Prague
2003. Physiol Res 52: 35, 2003.

VoN BRASCH L, ZANG C, HAVERKAMP T, SCHLECHTE H, HECKERS H, PETRIDES PE: Molecular analysis of
acute intermittent porphyria: mutation screening in 20 patients in Germany reveals 11 novel mutations. Blood
Cells Mol Dis 32: 309-314, 2004.

CAPPELLINI MD, MARTINEZ D1t MONTEMUROS F, D1 PIERRO E, FIORELLI G: Hematologically important
mutations: acute intermittent porphyria. Blood Cells Mol Dis 28: 5-12, 2002.

CHEN CH, ASTRIN KH, LEE G, ANDERSON KE, DESNICK RIJ: Acute intermittent porphyria: identification and
expression of exonic mutations in the hydroxymethylbilane synthase gene. An initiation codon missense
mutation in the housekeeping transcript causes "variant acute intermittent porphyria" with normal expression
of the erythroid-specific enzyme. J Clin Invest 94: 1927-1937, 1994.

DAIMON M, YAMATANI K, IGARASHI M, FUKASE N, OGAWA A, TOMINAGA M, SASAKI H: Acute
intermittent porphyria caused by a G to C mutation in exon 12 of the porphobilinogen deaminase gene that
results in exon skipping. Hum Genet 92: 549-553, 1993.

DAIMON M, MORITA Y, YAMATANI K, IGARASHI M, FUKASE N, OHNUMA H, SUGIYAMA K, OGAWA A,
MANAKA H, TOMINAGA M: Two new polymorphisms in introns 2 and 3 of the human porphobilinogen
deaminase gene. Hum Genet 92: 115-116, 1993a.

DAIMON M, YAMATANI K, IGARASHI M, FUKASE N, MORITA Y, OGAWA A, TOMINAGA M, SASAKI H:
Acute intermittent porphyria caused by a single base insertion of C in exon 15 of the porphobilinogen
deaminase gene that results in a frame shift and premature stopping of translation. Hum Genet 93: 533-537,
1994,

DE ROOIJ F, VOORTMAN G, DE BAAR E: Frequency and distribution of mutations in the gene of porphobilinogen
deaminase in Dutch acute intermittent porphyria patients. Scand J Clin Lab Invest 55 (Suppl.): 223, 1995.

DE SIERVI A, GLASS IA, ROSSETTI MV, XU W, ASTRIN KH, BATTLE A, DESNICK RJ: Identification of nine
new mutations and acommon missense mutation in the HMB Synthase gene in Argentinean patients with acute
intermittent porphyria. Acta Haematol 98 (Suppl. 1): 105, 1997.

DE SIERVI A, MENDEZ M, PARERA VE, VARELA L, BATLLE AM, ROSSETTI MV: Acute intermittent
porphyria: characterization of two novel mutations in the porphobilinogen deaminase gene, one amino acid
deletion (453455 delAGC) and one splicing aceptor site mutation (IVS8-1G>T). Hum Mutat 14: 355, 1999.

DE SIERVI A, ROSSETTI MV, PARERA VE, ASTRIN KH, AIZENCANG GI, GLASS IA, BATLLE AM, DESNICK
RJ: Identification and characterization of hydroxymethylbilane synthase mutations causing acute intermittent
porphyria: evidence for an ancestral founder of the common G111R mutation. Am J Med Genet 86: 366375,
1999a.

DE SIERVI A, WEISS CADIZ DE, PARERA VE, DEL C BATLLE AM, ROSSETTI MV: Identification and
characterization of two novel mutations that produce acute intermittent porphyria: A 3-base deletion (841-
843delGGA) and a missense mutation (T35M). Hum Mutat 16: 373-378, 2000.

DELFAU MH, PICAT C, DE ROOIl FW, HAMER K, BOGARD M, WILSON JH, DEYBACH JC, NORDMANN Y,
GRANDCHAMP B: Two different point G to A mutations in exon 10 of the porphobilinogen deaminase gene
are responsible for acute intermittent porphyria. J Clin Invest 86: 1511-1516, 1990.

DELFAU MH, PICAT C, DE ROOIl F, VOORTMAN G, DEYBACH JC, NORDMANN Y, GRANDCHAMP B:
Molecular heterogeneity of acute intermittent porphyria: identification of four additional mutations resulting in
the CRIM-negative subtype of the disease. Am J Hum Genet 49: 421-428, 1991.

D1 PIERRO E, PATTI E, CAPPELLINI MD: Gene Symbol: HMBS, Disease: Porphyria, acute intermittent. Hum Genet
115: 172, 2004.



2006 Mutations and Polymorphisms within PBGD Gene S133

D1 PIERRO E, ROSELLI EA, CAPPELLINI MD: Gene Symbol: HBMS, Disease: Porphyria, Acute intermittent. Hum
Genet 114: 607, 2004a.

D1 PIERRO E, MORIONDO V, PATTI E, CAPPELLINI MD: Gene Symbol: HMBS, Disease: Acute Intermittent
Porphyria. Hum Genet 115: 353, 2004b.

D1 PIERRO E, BRANCALEONI V, CAPPELLINI MD: Gene symbol: HMBS. Disease: Porphyria, acute intermittent.
Hum Genet 116: 537, 2005.

FLACHSOVA E, VERMA IC, Z, ZEMAN J, RAMAN CS, MARTASEK P: Novel mutation in porphobilinogen
deaminase gene in a family with acute intermittent porphyria from Nepal. Porphyrins & Porphyrias
International Conference, Prague 2003. Physiol Res 52: 8S, 2003.

FLODERUS Y, SHOOLINGIN-JORDAN PM, HARPER P: Acute intermittent porphyria in Sweden. Molecular,
functional and clinical consequences of some new mutations found in the porphobilinogen deaminase gene.
Clin Genet 62: 288-297, 2002.

GOUYA L, PUY H, ROBREAU AM, LYOUMI S, LAMORIL J, DA SILVA V, GRANDCHAMP B, DEYBACH JC:
Modulation of penetrance by the wild-type allele in dominantly inherited erythropoietic protoporphyria and
acute hepatic porphyrias. Hum Genet 114: 256-252, 2004.

GRANDCHAMP B, PICAT C, DE ROOIJ FW, BEAUMONT C, WILSON JH, DEYBACH JC, NORDMANN Y: A
point mutation G-A in exon 12 of the porphobilinogen deaminase gene results in exon skipping and is
responsible for acute intermittent porphyria. Nucleic Acids Res 17: 6637-6649, 1989.

GRANDCHAMP B, PICAT C, KAUPPINEN R, MIGNOTTE V, PELTONEN L, MUSTAJOKI P, ROMEO PH,
GOOSSENS M, NORDMANN Y: Molecular analysis of acute intermittent porphyria in a Finnish family with
normal erythrocyte porphobilinogen deaminase. Eur J Clin Invest 19: 415-418, 1989a.

GRANDCHAMP B, PICAT C, MIGNOTTE V, WILSON JH, TE VELDE K, SANDKUYL L, ROMEO PH,
GOOSSENS M, NORDMANN Y: Tissue-specific splicing mutation in acute intermittent porphyria. Proc Natl
Acad Sci USA 86: 661-664, 1989b.

GREGOR A, SCHNEIDER-YIN X, SZLENDAK U, WETTSTEIN A, LIPNIACKA A, RUFENACHT UB, MINDER
EIl: Molecular study of the hydroxymethylbilane synthase gene (HMBS) among Polish patients with acute
intermittent porphyria. Hum Mutat 19: 310-314, 2002.

GROSS U, PUY H, DOSS M, ROBREAU AM, NORDMANN Y, DOSS MO, DEYBACH JC: New mutations of the
hydroxymethylbilane synthase gene in German patients with acute intermittent porphyria. Mol Cell Probes 13:
443-447, 1999.

GU XF, LEE JS, DELFAU MH, GRANDCHAMP B: PCR detection of a G/T polymorphism at exon 10 of the
porphobilinogen deaminase gene (PBG-D). Nucleic Acids Res 19: 1966, 1991.

GU XF, DE ROOIJ F, VOORTMAN G, TE VELDE K, NORDMANN Y, GRANDCHAMP B: High frequency of
mutations in exon 10 of the porphobilinogen deaminase gene in patients with a CRIM-positive subtype of
acute intermittent porphyria. Am J Hum Genet 51: 660-665, 1992.

GU XF, DEROOIJ F, LEE JS, VELDE KT, DEYBACH JC, NORDMANN Y, GRANDCHAMP B: High prevalence of
a point mutation in the porphobilinogen deaminase gene in Dutch patients with acute intermittent porphyria.
Hum Genet 91: 128-130, 1993.

GU XF, DE ROOIJ F, DE BAAR E, BRUYLAND M, LISSENS W, NORDMANN Y, GRANDCHAMP B: Two novel
mutations of the porphobilinogen deaminase gene in acute intermittent porphyria. Hum Mol Genet 2: 1735-
1736, 1993a.

GU XF, DE ROOIJ F, VOORTMAN G, VELDE KT, DEYBACH JC, NORDMANN Y, GRANDCHAMP B: Detection
of eleven mutations causing acute intermittent porphyria using denaturing gradient gel electrophoresis. Hum
Genet 93: 47-52, 1994.

GUILLEN-NAVARRO E, CARBONELL P, GLOVER G, SANCHEZ-SOLIS M, FERNANDEZ-BARREIRO A:
Novel HMBS founder mutation and significant intronic polymorphism in Spanish patients with acute
intermittent porphyria. Ann Hum Genet 68: 509-514, 2004.

HESSELS J, VOORTMAN G, VAN DER WAGEN A, VAN DER ELZEN C, SCHEFFER H, ZUIJDERHOUDT FM:
Homozygous acute intermittent porphyria in a 7-year-old boy with massive excretions of porphyrins and
porphyrin precursors. J Inherit Metab Dis 27: 19-27, 2004.



S134 Hrdinka et al. Vol. 55

KAUPPINEN R, PELTONEN L, PALOTIE A, MUSTAJOKI P: RFLP analysis of three different types of acute
intermittent porphyria. Hum Genet 85: 160-164, 1990.

KAUPPINEN R, MUSTAJOKI S, PIHLAJA H, PELTONEN L, MUSTAJOKI P: Acute intermittent porphyria in
Finland: 19 mutations in the porphobilinogen deaminase gene. Hum Mol Genet 4: 215-222, 1995.

KAUPPINEN R, YRJONEN A, PISCHIK E: Novel 19 bp deletion of exon 15 in the PBGD gene and normal
erythrocyte porphobilinogen activity in a patient with acute intermittent porphyria. Proceedings of Porphyrins
and Porphyrias Conference, Cape Town 2005. 29, 2005.

LAM CW, POON PMK, TONG SF, LO AWI, LAI CK, CHOI KL, TIU SC, CHAN YW, SHEK CC: Novel mutation
and polymorphisms of the HMBS gene detected by denaturing HPLC. Clin Chem 47: 343-346, 2001.

LAW WK, CHOY KW, LAM CW: Novel single nucleotide polymorphism (9678 G-->A) for linkage analysis of acute
intermittent porphyria. Clin Chem 45: 308-309, 1999.

LEE JS: Molecular genetic investigation of the human porphobilinogen deaminase gene in acute intermittent porphyria.
Karolinska Institute, Stockholm, Sweden, Academic dissertation 1991.

LEE GY, ASTRIN KH, DESNICK RJ: Acute intermittent porphyria: a single-base deletion and a nonsense mutation in
the human hydroxymethylbilane synthase gene, predicting truncations of the enzyme polypeptide. Am J Med
Genet 58: 155-158, 1995.

LEE JS, ANVRET M: A Pstl polymorphism for the human porphobilinogen deaminase gene (PBG). Nucleic Acids Res
15: 6307, 1987.

LEE JS, ANVRET M. Identification of the most common mutation within the porphobilinogen deaminase gene in
Swedish patients with acute intermittent porphyria. Proc Natl Acad Sci USA 88: 10912-10915, 1991.

LEE JS, LUNDIN G, ANVRET M, LANNFELT L, FORSELL L, PICAT C, GRANDCHAMP B: Genetic
heterogeneity of the porphobilinogen deaminase gene in Swedish families with acute intermittent porphyria.
Hum Genet 87: 484-488, 1991.

LLEWELLYN DH, ELDER GH, KALSHEKER NA, MARSH OW, HARRISON PR, GRANDCHAMP B, PICAT C,
NORDMANN Y, ROMEO PH, GOOSSENS M: DNA polymorphism of human porphobilinogen deaminase
gene in acute intermittent porphyria. Lancet 2: 706—708, 1987.

LLEWELLYN DH, WHATLEY S, ELDER GH: Acute intermittent porphyria caused by an arginine to histidine
substitution (R26H) in the cofactor-binding cleft of porphobilinogen deaminase. Hum Mol Genet 2: 1315-1316,
1993.

LLEWELLYN DH, SCOBIE GA, URQUHART AJ, WHATLEY SD, ROBERTS AG, HARRISON PR, ELDER GH:
Acute intermittent porphyria caused by defective splicing of porphobilinogen deaminase RNA: a synonymous
codon mutation at -22 bp from the 5' splice site causes skipping of exon 3. J Med Genet 33: 437-438, 1996.

LUCHININA YA, SURIN VL, LUK'YANENKO AV, KARPOVA 1V, PUSTOVOIT YS, KRAVCHENKO SK:
Molecular diagnostics of acute intermittent porphyria in Russia. ESHG International Conference, Prague 2005.
Eur J Hum Genet 13 (Suppl 1): 134, 2005.

LUNDIN G, WEDELL A, THUNELL S, ANVRET M: Two new mutations in the porphobilinogen deaminase gene and
a screening method using PCR amplification of specific alleles. Hum Genet 93: 59-62, 1994.

LUNDIN G, HASHEMI J, FLODERUS Y, THUNELL S, SAGEN E, LAEGREID A, WASSIF W, PETERS T,
ANVRET M: Four mutations in the porphobilinogen deaminase gene in patients with acute intermittent
porphyria. J Med Genet 32: 979-981, 1995.

LUNDIN G, LEE JS, THUNELL S, ANVRET M: Genetic investigation of the porphobilinogen deaminase gene in
Swedish acute intermittent porphyria families. Hum Genet 100: 63-66, 1997.

LUNDIN G, ANVRET M: Characterization and regulation of the nonerythroid porphobilinogen deaminase promoter.
Biochem Biophys Res Commun 231: 409-411, 1997.

MAEDA N, HORIE Y, ADACHI K, NANBA E, KAWASAKI H, DAIMON M, KUDO Y, KONDO M: Two deletion
mutations in the hydroxymethylbilane synthase gene in two unrelated Japanese patients with acute intermittent
porphyria. J Hum Genet 45: 263-268, 2000.

MARTINEZ D MONTEMUROS F, D1 PIERRO E, FARGION S, BIOLCATI G, GRISO D, MACRI A, FIORELLI G,
CAPPELLINI MD: Molecular analysis of the hydroxymethylbilane synthase (HMBS) gene in Italian patients
with acute intermittent porphyria: report of four novel mutations. Hum Mutat 15: 480, 2000.



2006 Mutations and Polymorphisms within PBGD Gene S135

MARTINEZ DI MONTEMUROS F, D1 PIERRO E, BIOLCATI G, ROCCHI E, BISSOLOTTI E, TAVAZZI D,
FIORELLI G, CAPPELLINI MD: Acute intermittent porphyria: heterogeneity of mutations in the
hydroxymethylbilane synthase gene in Italy. Blood Cells Mol Dis 27: 961-970, 2001.

MGONE CS, LANYON WG, MOORE MR, CONNOR JM: Detection of seven point mutations in the porphobilinogen
deaminase gene in patients with acute intermittent porphyria, by direct sequencing of in vitro amplified cDNA.
Hum Genet 90: 12-16, 1992.

MGONE CS, LANYON WG, MOORE MR, LOUIE GV, CONNOR JM: Detection of a high mutation frequency in
exon 12 of the porphobilinogen deaminase gene in patients with acute intermittent porphyria. Hum Genet 92:
612-622, 1993.

MGONE CS, LANYON WG, MOORE MR, LOUIE GV, CONNOR JM: Identification of five novel mutations in the
porphobilinogen deaminase gene. Hum Mol Genet 3: 809-811, 1994.

MUSTAJOKI S, PIHLAJA H, AHOLA H, PETERSEN NE, MUSTAJOKI P, KAUPPINEN R: Three splicing defects,
an insertion, and two missense mutations responsible for acute intermittent porphyria. Hum Genet 102: 541-
548, 1998.

MUSTAJOKI S, AHOLA H, MUSTAJOKI P, KAUPPINEN R: Insertion of Alu element responsible for acute
intermittent porphyria. Hum Mutat 13: 431438, 1999.

NIELSEN KR: A case of acute intermittent porphyria. Ugeskr Laeger 159: 960-961, 1997.

NISSEN H, PETERSEN NE, MUSTAJOKI S, HANSEN TS, MUSTAJOKI P, KAUPPINEN R, HORDER M:
Diagnostic strategy, genetic diagnosis and identification of new mutations in intermittent porphyria by
denaturing gradient gel electrophoresis. Hum Mutat 9: 122-130, 1997.

ONG PM, LANYON WG, HIFT RJ, HALKETT J, MOORE MR, MGONE CS, CONNOR JM: Detection of four
mutations in six unrelated South African patients with acute intermittent porphyria. Mol Cell Probes 10: 57-61,
1996.

ONG PM, LANYON WG, HIFT RJ, HALKETT J, MOORE MR, CONNOR JM: Identification of two novel mutations
in the hydroxymethylbilane synthase gene in three patients from two unrelated families with acute intermittent
porphyria. Hum Hered 48: 24-29, 1998.

PETERSEN NE, NISSEN H, HORDER M, SENZ J, JAMANI A, SCHREIBER WE: Mutation screening by denaturing
gradient gel electrophoresis in North American patients with acute intermittent porphyria. Clin Chem 44: 1766-
1768, 1998.

PETERSEN NE, NISSEN H, HANSEN TS, RASMUSSEN K, BROCK A, HORDER M: R325X mutation in exon 15
of the hydroxymethylbilane synthase gene identified in two Danish families with acute intermittent porphyria.
Clin Chem 42: 106-107, 1996.

PICAT C, BOURGEOIS F, GRANDCHAMP B: PCR detection of a C/T polymorphism in exon 1 of the
porphobilinogen deaminase gene (PBGD). Nucleic Acids Res 19: 5099, 1991.

PISCHIK E, MEHTALA S, KAUPPINEN R: Nine mutations including three novel mutations among Russian patients
with acute intermittent porphyria. Hum Mutat 26: 496, 2005.

PUY H, DEYBACH JC, LAMORIL J, ROBREAU AM, NORDMANN Y: Detection of four novel mutations in the
porphobilinogen deaminase gene in French Caucasian patients with acute intermittent porphyria. Hum Hered
46: 177-180, 1996.

PUY H, DEYBACH JC, LAMORIL J, ROBREAU AM, DA SILVA V, GOUYA L, GRANDCHAMP B,
NORDMANN Y: Molecular epidemiology and diagnosis of PBG deaminase gene defects in acute intermittent
porphyria. Am J Hum Genet 60: 1373-1383, 1997.

RAMDALL RB, CUNHA L, ASTRIN KH, KATZ DR, ANDERSON KE, GLUCKSMAN M, BOTTOMLEY SS,
DESNICK RIJ: Acute intermittent porphyria: novel missense mutations in the human hydroxymethylbilane
synthase gene. Genet Med 2: 290-295, 2000.

ROBREAU-FRAOLINI AM, PUY H, AQUARON C, BOGARD C, TRAORE M, NORDMANN Y, AQUARON R,
DEYBACH JC: Porphobilinogen deaminase gene in African and Afro-Caribbean ethnic groups: mutations
causing acute intermittent porphyria and specific intragenic polymorphisms. Hum Genet 107: 150-159, 2000.

ROSIPAL R, PUY H, LAMORIL J, MARTASEK P, NORDMANN Y, DEYBACH JC: Molecular analysis of
porphobilinogen (PBG) deaminase gene mutations in acute intermittent porphyria: first study in patients of
Slavic origin. Scand J Clin Lab Invest 57: 217-224, 1997.



S136 Hrdinka et al. Vol. 55

SCHNEIDER-YIN X, BOGARD C, RUFENACHT UB, PUY H, NORDMANN Y, MINDER EI, DEYBACH 1IJ:
Identification of a prevalent nonsense mutation (W283X) and two novel mutations in the porphobilinogen
deaminase gene of Swiss patients with acute intermittent porphyria. Hum Hered 50: 247-250, 2000.

SCHNEIDER-YIN X, SZLENDAK U, LIPNIACKA A, MINDER EI, GREGOR A: Nine novel mutations in the
hydroxymethylbilane synthase gene of Polish patients with acute intermittent porphyria. Clin Genet 69: 284-
283, 2006.

SCHREIBER WE, JAMANI A, RITCHIE B: Detection of a T/C polymorphism in the porphobilinogen deaminase gene
by polymerase chain reaction amplification of specific alleles. Clin Chem 38: 2153-2155, 1992.

SCHREIBER WE, FONG F, JAMANI A: Frameshift mutations in exons 9 and 10 of the porphobilinogen deaminase
gene produce a crossreacting immunological material (CRIM)-negative form of acute intermittent porphyria.
Hum Genet 93: 552-556, 1994.

SCHREIBER WE, FONG F, JAMANI A: Molecular diagnosis of acute intermittent porphyria by analysis of DNA
extracted from hair roots. Clin Chem 40: 1744—1748, 1994a.

SCHREIBER WE, JAMANI A, ARMSTRONG JG: Acute Intermittent Porphyria in a Native North American Family.
Am J Clin Pathol 103: 730-734, 1995.

SCHREIBER WE, FONG F, NASSAR BA, JAMANI A: Heteroduplex analysis detects frameshift and point mutations
in patients with acute intermittent porphyria. Hum Genet 96: 161-166, 1995a.

SCHUURMANS MM, SCHNEIDER-YIN X, RUFENACHT UB, SCHNYDER C, MINDER CE, PUY H, DEYBACH
JC, MINDER EI: Influence of age and gender on the clinical expression of acute intermittent porphyria based
on molecular study of porphobilinogen deaminase gene among Swiss patients. Mol Med 7: 535-542, 2001.

SCOBIE GA, URQUHART AJ, ELDER GH, KALSHEKER NA, LLEWELLYN DH, SMYTH J, HARRISON PR:
Linkage disequilibrium between DNA polymorphisms within the porphobilinogen deaminase gene. Hum
Genet 85: 157-159, 1990.

SCOBIE GA, LLEWELLYN DH, URQUHART AJ, SMYTH SJ, KALSHEKER NA, HARRISON PR, ELDER GH:
Acute intermittent porphyria caused by a CT mutation that produces a stop codon in the porphobilinogen
deaminase gene. Hum Genet 85: 631-634, 1990a.

SOLIS C, LOPEZ-ECHANIZ I, SEFARTY-GRANEDA D, ASTRIN KH, DESNICK R1J: Identification and expression
of mutations in the hydroxymethylbilane synthase gene causing acute intermittent porphyria (AIP). Mol Med 5:
664-671, 1999.

SOLIS CS, LOPEZ-ECHANIZ I, SEFARTY-GRANEDA D, ASTRIN KH, DESNICK RIJ: Gene Symbol: HMBS.
Disease: Acute intermittent porphyria. Hum Genet 114: 402, 2004.

SURIN VL, LUK'YANENKO AV, KARPOVA IV, MISYURIN AV, PUSTOVOIT A, PIVNIK AV: Three Novel
Mutations in Porphobilinogen Deaminase Gene Identified in Russian Patients with Acute Intermittent
Porphyria. Genetika 37: 690-697, 2001.

WHATLEY SD, WOOLF JR, ELDER GH: Comparison of complementary and genomic DNA sequencing for the
detection of mutations in the HMBS gene in British patients with acute intermittent porphyria: identification of
25 novel mutations. Hum Genet 104: 505-510, 1999.

WHATLEY SD, ROBERTS AG, LLEWELLYN DH, LLEWELLYN DH, GARRETT C, ELDER GH: Non-erythroid
form of acute intermittent porphyria caused by promoter and frameshift mutations distant from the coding
sequence of exon 1 of the HMBS gene. Hum Genet 107: 243-248, 2000.

YOO HW, WARNER CA, CHEN CH, DESNICK RIJ: Hydroxymethylbilane synthase: complete genomic sequence and
amplifiable polymorphisms in the human gene. Genomics 15: 21-29, 1993.

YU S, POULOS V, STEWART P: A novel mutation in a family with non-erythroid variant form of acute intermittent
porphyria. J Hum Genet 45: 367-369, 2000.

Reprint requests
P. Martasek, Department of Pediatrics, School of Medicine I, Charles University, 128 08 Prague, Czech Republic.
E-mail: pavel.martasek@gmail.com





