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Refsumm disease is an autosomal-recessively inherited disorder  characterized clinically by 
aa tetrad of abnormalities: retiniti s pigmentosa, peripheral neuropathy, cerebellar  ataxia 
andd elevated protein levels in the cerebrospinal fluid (CSF) without an increase in the 
numberr  of cells in the CSF. All patients exhibit accumulation of an unusual branched-
chainn fatty acid, phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) in blood and 
tissues.. Biochemically, the disease is caused by the deficiency of phytanoyl-CoA 
hydroxylasee (PhyH), a peroxisomal protein catalyzing the first step in the a-oxidation of 
phytanicc acid. We have purified PhyH from rat-liver  peroxisomes and determined the 
N-terminall  amino-acid sequence, as well as an additional internal amino-acid sequence 
obtainedd after  Lys-C digestion of the purified protein. A search of the EST database 
withh these partial amino-acid sequences led to the identification of the full-length human 
cDNAA sequence encoding PhyH: the open reading frame encodes a 38.5 kDa protein of 
3388 amino-acids, which contains a cleavable peroxisomal targeting signal type 2 (PTS2). 
Sequencee analysis of PHYH fibroblast cDNA from 5 patients with Refsum disease re-
vealedd distinct mutations, including a one-nucleotide deletion, a 111-nucleotide deletion 
andd a point mutation. This analysis confirms our  finding that Refsum disease is caused 
byy a deficiency of PhyH. 

Refsumm disease is an inherited disorder of lipid metabolism first recognized as a distinct 
neurologicc syndrome in 1946 (ref. 1). The four main manifestations of the disease are retinitis 
pigmentosa,, peripheral neuropathy, cerebellar ataxia and elevated protein concentrations in 
thee cerebrospinal fluid (CSF) without an abnormally large number of cells in the CSF, al-
thoughthough this tetrad of abnormalities is not observed in all patients2. Patients with Refsum 
diseasee may also show other, less constant features, including nerve deafness, anosmia, skele-
tall  abnormalities, ichthyosis, cataracts and cardiac impairment2,3. Almost without exception 
patientss with Refsum disease are perfectly normal as infants. Clear-cut manifestations usually 
doo not appear until the second or third decade of life. 

Itt has long been known that Refsum disease is associated with the accumulation of an 
unusuall  20-carbon, branched-chain fatty acid —3,7,11,15-tetramethylhexadecanoic ac id-
calledd phytanic acid, which is exclusively derived from exogenous sources (dairy products, 
ruminantruminant fat, et cetera). The pathway of phytanic-acid oxidation has long remained enigmatic, 
butt recent studies have led to the identification of phytanoyl-CoA hydroxylase (PhyH), which 
catalyzess the first step in phytanic acid a-oxidation4'5. 

Thee enzyme requires 2-oxoglutarate, Fe2+ and ascorbate for full activity and has been 
shownn to be located in peroxisomes in rat4'6 as well as in human liver5. We recently found that 
PhyHH is deficient in three peroxisomal disorders7,8, all known to accumulate phytanic acid in 
tissuess and body fluids. First, PhyH is deficient in Zellweger syndrome5, which follows 
logicallyy from the absence of functional peroxisomes in this syndrome9. Second, the enzyme 
iss deficient in rhizomelic chondrodysplasia punctata (RCDP)7. This disease is caused by a 
deficiencyy of human PEX7, an orthologue of the yeast peroxisomal targeting signal type 2 
(PTS2)) receptor10'n, which is required for import of PTS2-containing proteins into peroxi-
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somes'3'5.. This suggests that PhyH could be a protein with a PTS2. In contrast to these two 
pleiotropicc deficiencies, Refsum disease is characterized by an isolated deficiency of PhyH 
activity8,, suggesting that this disease is caused by mutations in PHYH, the gene encoding 
PhyH. . 

Heree we report the identification of the human PHYH cDNA which encodes a 38.5-kDa 
proteinn containing a cleavable PTS2. In addition we show that the patients with Refsum 
diseasee whom we studied all had detectable but aberrant PhyH mRNAs containing different 
mutations,, which establish the molecular basis of Refsum disease. 

Wee recently showed that phytanoyl-CoA hydroxylase (PhyH) is the enzyme activity defi-
cientt in Refsum disease8. This newly identified enzyme has not yet been purified from any 
source.. Rat-liver peroxisomes, which are known to contain this enzyme activity4,6, were used 
forr purification of PhyH. Using classical column chromatography, the PhyH protein was 
purifiedd to homogeneity, appearing as a single protein band with a molecular weight of 33 
kDaa on SDS-PAGE (Jansen et al., manuscript in preparation). This purified protein was 
subjectedd to N-terminal protein sequencing, which revealed the following amino-acid se-
quence:: SGPASPANFXPEQFQYXLDN. We used the BLAST algorithm16 to screen the 
GenBankk database (dbEST, National Centre for Biotechnology Information) in a search for 
ESTss encoding this 20-amino-acid peptide, and found 5 overlapping mouse partial cDNAs, 
whichh all showed high identities (90%) with the N-terminus of the rat-liver protein. Align-
mentt of these 5 mouse clones revealed a 459 bp sequence encoding a stretch of 152 amino-
acids,, including a translation initiation codon (ATG) surrounded by a Kozak'7 motif. 

Usingg this composite mouse cDNA sequence, we searched the dbEST again for homolo-
gouss human sequences and found 19 human ESTs that showed very high homology with the 
compositee mouse cDNA. Alignment of this set of ESTs resulted in a 1525 bp sequence, which 
alsoo contained the translation initiation signal preceded by a Kozak17 motif. Nucleotides 
91-1500 downstream of the translation initiation signal encode an amino-acid sequence that 
showss 75% identity with the N-terminus of rat PhyH, suggesting proteolytic cleavage of 
amino-acidss 1-30 from the precursor protein. 

Too confirm that the sequence identified encodes PhyH, purified rat-liver PhyH was also 
digestedd with Lys-C and protein sequencing of one of the internal peptides revealed the 
followingg sequence: MYH(G/Q)IQDYDQ. When compared with the dbEST deduced amino-
acidd sequence, this peptide showed a 70% amino-acid identity (and 100% similarity when 
conservativee amino-acid substitutions are considered) with amino-acids 232-241. 

Too verify the composite human cDNA sequence derived from ESTs, we prepared cDNA 
fromm total RNA isolated from control human skin fibroblasts and amplified the PhyH-encod-
ingg cDNA using two primer sets based on the dbEST sequences. The resulting two overlap-
pingg PCR products were of the predicted size and were subsequently sequenced (Fig. 1). The 
sequencee obtained was almost identical to the dbEST-derived sequence: however, the open 
readingg frame spanned 1,014 nucleotides in the fibroblast cDNA, whereas in the EST-derived 
sequencee this was only 915 nucleotides long. This is probably due to sequencing errors in the 
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ESTs,, introducing a premature stop codon after amino-acid 305. 

. 22 7 GGGTAGGGGTTCCCGCGCCGCAGC C 

11 ATGGAGCAGCTTCGCGCCGCCGCCCGTCT G CAGATTGTTCTGGGCCACCTCGGCCGCCC C 
11 M E Q L R A A A ft L  Q I V L G H L G R P 

66 1 TCGGCCGGGGCTGTCGTAGCTCATCCCAC T TCAGGGACTATTTCCTCTGCCAGTTTCCA T 
211 S A G A V V A H P T _S G I I S S A S E H_ 

1 211 CCTCAACAATTCCAGTATACTCTGGATAA T AATGTTCTAACCCTGGAACAGAGAAAATT T 
411 P Q Q F Q Y T L D N N V L T L E Q R K F 

1811 TATGAAGAAAATGGGTTTCTAGTAATCAA A AATCTTGTACCTGATGCCGATATTCAACG C 
611 Y E E N G F L V I K N L V P D A D I Q R 

2 411 TTTCGGAATGAGTTTGAAAAAATCTGCAG A AAGGAGGTGAAACCATTAGGATTAACAGT A 
811 F R N E F E K I C R K E V K P L G L T V 

3 011 ATGAGAGATGTGACCATTTCGAAATCCGA A TATGCTCCAAGTGAGAAGATGATCACGAA G 
1 011 M R D V T I S K S E Y A P S E K M I T K 

3 611 GTCCAGGATTTCCAGGAAGATAAGGAGCT C TTCAGATACTGCACTCTCCCCGAGATTCT G 
1 211 V Q D F Q E D K E L F R Y C T L P E I L 

4 211 AAATATGTGGAGTGCTTCACTGGACCTAA T ATTATGGCCATGCACACAATGTTGATAAJi C 
1 411 K Y V E C F T G P N I M A M H T K L I N 

4 811 AAACCTCCAGATTCTGGCAAGAAGACGTC C CGTCACCCCCTGCACCAGGACCTGCACTA T 
1 611 K P P D S G K K T S R H P L H Q D L H Y 

5 411 TTCCCCTTCAGGCCCAGCGATCTCATCGT T TGCGCCTGGACGGCGATGGAGCACATCAG C 
1 811 F P F R P S D L I V C A W T A M E H I S 

6 011 CGGAACAACGGCTGTCTGGTTGTGCTCCC A GGCACACACAAGGGCTCCCTGAAGCCCCA C 
2 011 R N N G C L V V L P G T H K G S L K P H 

6 611 GATTACCCCAAGTGGGAGGGGGGAGTTAA C AAAATGTTCCACGGGATCCAGGACTACGA G 
2 211 D Y P K W E G G V N K  _H E H G I Q D Ï E_ 

7 211 GAAAACAAGGCCCGGGTGCACCTGGTGAT G GAGAAGGGCGACACTGTTTTCTTCCATCC T 
2 411 _ B_ N K A R V H L V M E K G D T V F F H P 

7 811 TTGCTCATCCACGGATCTGGTCAGAATAA A ACCCAGGGATTCCGGAAGGCAATTTCCTG C 
2 611 L L I H G S G Q N K T Q G F R K A I S C 

8 411 CATTTCGCCAGTGCCGATTGCCACTACAT T GACGTGAAGGGCACCAGTCAAGAAAACAT C 
2 811 H F A S A D C H Y I D V K G T S Q E N I 

9 011 GAGAAGGAAGTTGTAGGAATAGCACATAA A TTCTTTGGAGCTGAAAATAGCGTGAACTT G 
3 011 E K E V V G 1 A H K F F G A E N S V N L 

9 611 AAGGATATTTGGATGTTTCGAGCTCGACT T GTGAAAGGAGAAAGAACCAATCTTTGAAA T 
3211 K D I W M F R A R L V K G E R T N L * 

1 0 211 AGCCATCTGCTATAACTCTTTCAACAGAA A ACCAAAACCAAACGAAATGTCTAAGGAAA A 

1 0 811 T 

Fig.. 1 Nucleotide sequence and deduced amino-acid sequence of the human PHYH cDNA. The 
N-terminuss of the purified rat-liver PhyH (SGPASPANFXPEQFQYXLDN), as well as an amino-acid 
sequencee obtained after Lys-C treatment of the purified rat-liver PhyH (MYH(G/Q)IQDYDQ), showed 
highh homology with the underlined amino-acid sequence, deduced from the human PHYH cDNA. The 
openn reading frame comprises nucleotides 1-1,014 and encodes a 338-amino-acid protein. The protein 
containss a translation initiation signal in the context of a Kozak motif, and a PTS2 at amino acids 9 to 
177 (double underline). Conserved amino-acids in the PTS2 are indicated in boldface. 
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Thee fibroblast PHYH cDNA contains a start codon (ATG) in the context of a Kozak con-
sensus17,, followed by an open reading frame of 1,014 bp encoding a 338-amino-acid protein. 
Thee deduced amino-acid sequence contains a perfect type-2 peroxisomal targeting signal 
(PTS2),, RLQIVLGHL, at amino-acids 9-17 (Fig. 1). This PTS2 has been identified in a 
subsett of peroxisomal proteins ,3"15 and has been shown to be responsible for targeting pro-
teinss to peroxisomes1819. The N-terminal amino-acid sequence of PhyH purified from rat-liver 
peroxisomess shows high homology with amino-acids 31-50 of the human cDNA deduced 
amino-acidd sequence — indicating that this protein is processed, as has been found in some 
otherr PTS2-containing proteins18"20, and that the PTS2 leader sequence is cleaved after import 
off  the precursor protein into the peroxisome. The 308-amino-acid mature protein derived after 
cleavagee of the presumed leader sequence has a calculated molecular weight of 35.4 kDa. 
Thiss value closely corresponds with the molecular weight of purified rat PhyH, which ap-
pearedd as a 33 kDa band on SDS-PAGE (Jansen et al, manuscript in preparation). The calcu-
latedd pi of the mature protein is 8.4, which again closely corresponds to the pi of 8.5 of rat-
liverr PhyH, as determined by chromatofocusing. In contrast, the calculated pi of the 38.5 kDa 
precursorr protein was 9.2. These data provide convincing evidence that PhyH is indeed pro-
cessedd after import into the peroxisome, as described for human peroxisomal 3-ketoacyI-CoA 
thiolase,, its two rat homologues18, and alkyldihydroxyacetonephosphate synthase from guinea 

19 9 

pigss . 
Too establish whether the PhyH deficiency in Refsum disease is indeed caused by mutations 

inn the PHYH gene, we examined the PHYH cDNA from five patients. The clinical diagnosis 
off  Refsum disease was substantiated by measurement of PhyH activity in fibroblasts, which 
wass deficient in all cases. All patients except patients 1 and 2 were unrelated. 

RNAA was isolated from cultured skin fibroblasts, and RT-PCR was performed with prim-
erss based on the dbEST-derived composite human PHYH cDNA sequence. 

Patientt 1 and 2 were a sister and brother born to healthy first-cousin Pakistani parents. 
Patientt 1 had normal early development until six months when she was noted to have nystag-
mus.. When examined at six months her eyes were found to be normal, but at eight years she 
developedd night blindness and retinitis pigmentosa was diagnosed; no other abnormalities 
weree noted. At 10 years, she was referred for assessment and was noted to have ataxia, deaf-
ness,, ichthyosis and short metacarpal bones. Plasma phytanic acid was found to be 854 uM 
(normal:: <16 uM) and she was given a diagnosis of Refsum disease, which was confirmed by 
enzymee assays in cultured skin fibroblasts. She had evidence of a peripheral neuropathy but 
herr intellectual performance was normal on psychometric testing. Electroretinography yielded 
abnormall  results, but MRI scanning showed her brain to be normal. Despite treatment by 
dietaryy restrictions as well as plasmapheresis, her phytanic-acid levels have remained high 
andd variable, partly because of her poor dietary compliance. 

Patientt 2, a younger male sibling from the same family as patient 1, had normal neonatal 
development.. Plasma phytanic acid, measured at 7 weeks was already increased at 44 uM; a 
weekk later it was 56 uM. A deficiency of phytanic-acid a-oxidation measured in cultured skin 
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a a 

GG T T C T A A C C C T G G A A C A G A G 

G TT T C T A A C C C G G A A C A G A G A 

i i 

b b 
A C A A TT T C C A G T A T A C T C T G G 

controll / If V V v JA/-V V W y ! W H \ f \ V V \ 

A C A A TT T C C A G A A T G A G T T T G 

c c 
A T C T G G TT C A G A A T A A A A C C C 

-- m//K/VMWwAV \ 
A TT C T G G T C A G M A T A A A A C C C 

Fig.. 2 All patients with Refsum disease show mutations in the PHYH cDNA. Electropherograms show 
thee sequence surrounding the mutations, a, Homozygous deletion of nucleotide T164 in patients 1 and 
22 results in a premature stop codon 36 nucleotides downstream; patient 1 is shown, b, Homozygous 111 
nucleotidee deletion, from position 135 to 246, was observed in patients 3 and 4, resulting in a protein that 
lackss 37 amino-acids; patient 3 is shown, c, Patient 5 was heterozygous for the 111-nucleotide deletion 
fromm nucleotides 135-246 and an A-to-C transition at nucleotide 805 (shown), resulting in substitution 
off  a histidine for an asparagine. 
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fibroblastss confirmed the diagnosis. The patient was put on a low-phytanic-acid diet with 
vitamin-CC supplementation (500 mg per day), but at nine months his plasma phytanic acid 
wass 150 uM. His initial development has been good, and he appears to see well. The appear-
ancee of his retina is normal, but his visual evoked responses were delayed and his ERG re-
sponsee was poor. The PHYH cDNA from these patients showed a homozygous deletion of 
nucleotidee T164 (Fig. 2a) leading to a frameshift and a premature stop codon after amino-acid 
66. . 

Patientt 3 is a Caucasian female who first presented at the age of 32, and has been described 
inn detail as case 2 by Skjeldal et al3. PCR amplification of the 5' end of the PHYH cDNA 
(fragmentt 1) resulted in a shortened PCR product. Sequence analysis revealed a homozygous 
111-nucleotidee deletion covering positions 135-246 of the PHYH cDNA from this patient 
(Fig.. 2b). This deletion does not cause a frame shift, but will result in a protein lacking 37 
internall  amino-acids that is probably enzymatically inactive. This 111 -nucleotide deletion is 
probablyy due to missplicing, resulting in skipping of one or more exons, as analysis of the 
putativee exon boundaries showed a perfect match with the 5' exon boundary consensus21. 

Patientt 4 is a Caucasian female who has been described as case 4 by Skjeldal et a/.3. Se-
quencee analysis of the cDNA of this patient showed homozygosity for the same 111-nucleo-
tidee deletion as present in patient 3. 

Patientt 5 is a Caucasian male, and has been described in detail as case 11 by Skjeldal et 
al.\al.\ PCR amplification of the 5' end of the PHYH cDNA (fragment 1) resulted in two PCR 
products,, one of the same size as the control and the other one shorter. Sequence analysis of 
thee shorter PCR product showed the 111-nucleotide deletion also observed in patients 3 and 4. 
Thee sequence of the normal-sized PCR product was identical to that of the control. In frag-
mentt 2 (the 3' end of the cDNA), a heterozygous A-to-C transition at nucleotide 805 led to an 
Asn269Hiss substitution (Fig. 2c), showing that the patient is most probably a compound 
heterozygotee for the 111-nucleotide deletion and the missense mutation. The absence of the 
A-to-CC transition at nucleotide 805 in a set of 64 control cDNAs demonstrates that this is not 
aa polymorphism, and that the Asn269His substitution is associated with loss of PhyH activity. 
Rigorouss proof has to come from future expression studies. 

Ourr data show that the cDNAs prepared from fibroblasts from the five patients with 
Refsumm disease were abnormal in all cases, and contain different mutations. 

Inn this study, we identified the human cDNA encoding PhyH by searching the dbEST for 
homologyy with partial amino-acid sequences from purified rat-liver PhyH. Analysis of the 
deducedd amino-acid sequence showed the presence of a PTS2 at amino-acids 9-17, indicating 
thatt the cDNA indeed encodes a peroxisomal protein. The presence of a PTS2 was expected 
forr PhyH, since RCDP patients deficient in the PTS2 receptor and therefore unable to import 
PTS22 proteins into peroxisomes are also deficient in PhyH activity7. 

Convincingg evidence that the identified cDNA indeed encodes PhyH was provided by 
mutationn analysis of cDNA from Refsum disease patients. In all five patients investigated, we 
identifiedd mutations in the cDNA. Three different mutations were found: i) a one-nucleotide 
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deletionn at position 164 leading to a premature stop codon and eventually a truncated protein; 
ii )) a 111-nucleotide deletion at position 135 resulting in a protein without 37 internal amino-
acids;; and iii ) a missense mutation at position 805 resulting in an Asn269His substitution. 

Thee first two types of mutations will certainly lead to loss of PhyH enzyme activity. Ex-
pressionn studies are underway to show that the Asn269His substitution also causes loss of 
PhyHH activity. Because we have performed sequence analysis at mRNA level, we cannot 
excludee compound heterozygosity, with one allele being a null allele, except in patients 1 and 
2:: as they are a brother and sister of consanguineous parents it is almost certain that they have 
thee same homozygous mutation. Final prove has to be obtained by studies at the genomic 
level,, that are currently being conducted. 

Thee finding of missense mutations in patients with deficient PhyH activity will give us 
insightt into the amino-acids that are essential for the catalytic activity of PhyH. Furthermore, 
thee identification and cloning of the Refsum disease gene will open new avenues of research 
intoo understanding the molecular basis of the disease. Development of an animal model for 
Refsumm disease by ablation of PHYH gem function would be particularly useful to resolve the 
biochemicall  mechanisms leading to the neurologic symptoms, and for therapeutic studies that 
mayy lead to an effective treatment for the disease. 

METHOD S S 
Identificatio nn of the PHYH cDNA. The NCBI database of expressed sequence tags (dbEST) 
wass screened for sequences showing homology to the previously identified N-terminus of the 
purifiedd rat-liver PhyH protein (SGPASPANFXPEQFQYXLDN). Five overlapping mouse 
ESTss were found and aligned to produce an open reading frame for 152 amino-acids showing 
highh homology with the N-terminus of the rat-liver PhyH protein. Using this entire open 
readingg frame, again the dbEST was screened and nineteen human ESTs were found spanning 
aa 1,525 bp sequence. 

RT-PCRR amplification of the PHYH cDNA. First-strand cDNA synthesis was performed as 
described22,, using 5-10 ug of total RNA isolated from cultured primary human fibroblasts. 
Withh the first-strand cDNA as a template, the PhyH-encoding cDNA was amplified in two 
overlappingg fragments using two primer sets designed with the sequence compiled from the 
humann ESTs. Fragment 1: '-21 Ml 3 forward' tagged primer PH-22F (sense 5'-tgtaaaacgacg-
gccagtGGGGTTCCCGCGCCGCAGC-3')) + 'Ml3 reverse' tagged PH536R (antisense 5'-eag-
gaaacagctatgaccGTGCAGGTCCTGGTGCAGGG-3');; fragment 2: '-21M13 forward' tagged 
primerr PH413F (sense S'-tgtaaaacgacggccagtGATTCTGAAATATGTGGAGTG-S') + 'Ml3 
reverse'' tagged PH1160R (antisense 5'-caggaaacagctatgaccTGCAATTAAGTACCTGA-
TAC-3').. Subsequent sequence analysis of these PCR fragments with both sense and antisense 
strandss was performed using '-21M13 forward' and 'Ml3 reverse' fluorescent primers, re-
spectively,, on an Applied Biosystems 377A automated DNA sequencer following the manu-
facturer'ss protocols. 
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GenBankk accession numbers. Murine ESTs: AA064201, AA004014, AA239233, W82212 
andd AA108999. Human ESTs: C03313, H91347, N73232, N28462, R94807, Z19400, 
N91990,, T32499, R06941, R29696, H80682, W20169, Z43616, T30612, R78601, T83397, 
R06897,, F18906 and H99693. 
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