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Humann phytanoyl-CoA hydroxylase: 
resolutionn of the gene structure and 

thee molecular basis of Refsum's disease 

G.A.. Jansen, E.M. Hogenhout, S. Ferdinandusse, R. Ofman, C. Jakobs, RJ.A. Wanders 
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ABSTRACT T 

Refsum'ss disease is an inherited neurological syndrome characterised by the accumulation 
off  phytanic acid in plasma and tissues. Patients with Refsum's disease are unable to degrade 
phytanicc acid due to a deficiency in phytanoyl-CoA hydroxylase (PhyH), a peroxisomal 
enzymee catalysing the first step of phytanic acid a-oxidation. We now report the analysis of 
thee PHYH cDNA in 29 patients with Refsum's disease, showing 14 different missense muta-
tions,, 4 deletions and 3 insertions. From this spectrum of mutations, four missense mutations 
weree selected for a detailed study including heterologous expression in Saccharomyces cere-
visiae.visiae. In all four cases an enzymatically inactive PhyH protein was found. 

Wee now present the genomic organisation of PHYH which has a size of about 21 kb. The 
10144 bp PHYH open reading frame (ORF) is divided over 9 exons. Analysis of the exon-
intronn boundaries from patients with Refsum's disease showing large deletions in the PHYH 
cDNAA has revealed mutations in the consensus splice sites, resulting in skipping of an entire 
exonn or a large part of it. Resolution of the genomic organisation of the PHYH ORF enabled 
uss to confirm the zygosity for mutations found by cDNA analysis. 

INTRODUCTIO N N 

Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a branched chain fatty acid, 
whichh is a normal constituent of the human diet. Because of the methyl branch at the third 
carbonn atom of this fatty acid, its breakdown can not proceed via the (3-oxidation pathway, 
whichh is the regular degradation route for most fatty acids. Instead, phytanic acid undergoes 
onee round of a-oxidation to produce its n-1 analogue, pristanic acid (2,6,10,14-tetra-
methylpentadecanoicc acid) (see (1-3) for reviews). The terminal carboxyl-group is lost as 
formyl-CoA. . 

Pristanicc acid is activated to pristanoyl-CoA and degraded by the peroxisomal p-oxidation 
pathwayy (reviewed in (3)). The structure of the a-oxidation pathway has only recently been 
elucidated.. Prior to a-oxidation, phytanic acid is activated to its coenzyme A-ester, phytanoyl-
CoAA (4). In the first step of phytanic acid a-oxidation, phytanoyl-CoA is converted to 
2-hydroxyphytanoyl-CoA,, a reaction catalysed by phytanoyl-CoA hydroxylase (PhyH) (5,6). 
Thee second step involves the conversion of 2-hydroxyphytanoyl-CoA to pristanal plus for-
myl-CoA,, and is catalysed by the enzyme 2-hydroxyphytanoyl-CoA lyase (HPL) (7-10). The 
thirdd and last step of the a-oxidation pathway involves the dehydrogenation of pristanal to 
formm pristanic acid, a conversion catalysed by an NAD(P)+ dependent aldehyde dehydro-

**  genase (9,11). In rat, all steps of this catabolic route are localised within peroxisomes (5,8-
10).. In man, only the subcellular localisation of PhyH, catalysing the first step of the a-oxi-
dation,, was studied in detail, and PhyH was shown to be peroxisomal (6). The subcellular 
localisationn of the remainder of this pathway is still unknown. 
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Classicc Refsum's disease (RD) is a rare inherited neurological disorder, characterised by a 
tetradd of cardinal manifestations including retinitis pigmentosa, peripheral neuropathy, cere-
bellarr ataxia and an elevated protein concentration in the cerebrospinal fluid (for review see 
(1)).. The only biochemical abnormality found in RD is an accumulation of phytanic acid in 
tissuess and body fluids. 

Wee have demonstrated that the phytanic acid accumulation in patients with RD is caused 
byy a deficient PhyH activity (12). Analysis of the PHYH cDNA derived from patients with 
RDD revealed that all patients studied so far contain mutations in their PHYH cDNA (13-16), 
whichh include deletions, missense mutations and insertions. In some cases it was not clear 
fromfrom the cDNA mutation analysis whether mutations were present in a homozygous or hetero-
zygouss form. In addition, deletions of 33 to 111 nucleotides could very well be the result of 
yett unidentified mutations affecting splicing. In order to study these mutations on the genome 
levell  we have now resolved the genomic organisation of the PHYH ORF, and analysed the 
exon-intronn boundaries for mutations in the splice sites. 

Inn order to verify the effect of some missense mutations on PhyH enzyme activity, we have 
performedd heterologous expression studies in the yeast Saccharomyces cerevisiae. 

RESULTS S 

PHYHPHYH cDNA mutation analysis in patients with RD 

Inn previous studies on patients with RD, PHYH cDNA mutation analysis revealed 5 differ-
entt mutations (13-15). These included a single nucleotide deletion resulting in a premature 
stopp codon, an in-frame deletion of 111 nucleotides, which results in a putative protein lack-
ingg 37 internal amino acids, and three different missense mutations all causing an amino acid 
substitutionn (15). We have now extended our studies to a total of 29 patients with RD. PhyH 
activityy measurements in homogenates of cultured skin fibroblasts from these patients showed 
thatt all patients are clearly deficient for PhyH activity (results not shown). PHYH cDNA 
analysiss revealed a total of 20 different mutations, including 14 missense mutations, 4 dele-
tions,, and 2 insertions (Table 1). In addition, a polymorphism (c.636A-G, causing no amino 
acidd substitution) was observed in 5 out of 58 alleles from the patients screened. Analysis of 
thee PHYH cDNA of 64 control individuals revealed an incidence of about 10% for this poly-
morphism. . 

Thee mutations are randomly distributed over the PHYH cDNA, the deletion of 111 nucleo-
tidess (c.l35-245del) being the most frequently observed (allele frequency 10/58: 17%). All 
otherr mutations were found in 7 or less alleles (Table 1). Interestingly, we observed co-segre-
gationn of the C.530A-G with the C.734G-A mutations in four unrelated patients suggesting a 
commonn ancestor. 
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Tablee 1. Mutations found in the PHYH cDNA from patients with Refsum's disease 

mutation n 

C.85C-T T 

C.5170T T 

C.5260A A 

C.530A-G G 

C.577T-C C 

C.589G-C C 

C.595A-T T 

c.610G-Ac c 

C.6580T T 

C.734G-A A 

C.770T-C C 

c.805A-Cc c 

c.8230Tc de e 

C.824G-A A 

c.l35-245delc'd d 

c.l64deir r 

c.497-678del l 

c.679-711del l 

c.576-577insGCC C 

c.679-680insG G 

effectt on coding 
sequence e 

P29S S 

P173S S 

Q176K K 

D177G G 

W193R R 

E197Q Q 

I199F F 

G204S S 

H220Y Y 

R245Q Q 

F257S S 

N269H H 

R275W W 

R275Q Q 

Y46-R82del l 

fsbb 55, truncation at 67 

fsbb 166, truncation at 169 

G227-Q237del l 

A192-193ins s 

fsbb 227, truncation at 230 

foundd in patient no. (genotypê 

11 (het), 2 (het), 3 (hom) 

44 (hom) 

22 (het) 

55 (hom), 6 (het), 7 (het), 
88 (hom) 

99 (hom) 

22 (het) 

100 (het) 

111 (hom) 

11 (het) 

55 (hom), 6 (het), 7 (het), 
88 (hom) 

100 (het), 12 (hom) 

133 (het) 

144 (hom), 15 (hom), 7 (het) 

166 (hom), 6 (het) 

177 (hom), 19 (hom), 
20(hom),l(het),2(het), , 
188 (het), 13 (het) 

211 (hom), 22 (hom) 

33 (hom), 23 (het), 24 (het), 
255 (het), 26 (het), 27 (het) 

255 (het) 

288 (hom), 29 (hom) 

233 (het) 

)) allele 
frequency frequency 

4/58 8 

2/58 8 

1/58 8 

6/58 8 

2/58 8 

1/58 8 

1/58 8 

2/58 8 

1/58 8 

6/58 8 

3/58 8 

1/58 8 

5/58 8 

3/58 8 

10/58 8 

4/58 8 

7/58 8 

1/58 8 

4/58 8 

1/58 8 
111 Genotype: hom, homozygous; het, heterozygous 
bb fs: frame shift 
cc Mutations previously reported at cDNA level only (13). 
dee Mutations previously reported by other authors ((14) and (16) respectively). Note: in (14) an 
incorrectt position number was assigned to c.l35-245del. 
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Heterologouss expression of the PHYH cDNA in Saccharomyces cerevisiae 

Inn order to confirm that missense mutations and the 111 nucleotide deletion are the under-
lyingg cause of the deficient PhyH activity, a heterologous expression system was developed. 
Thee human PHYH open reading frame (ORF) was cloned and expressed in S. cerevisiae. 
Whenn cell lysates were prepared from wild type yeast cells or from yeast cells transfected 
withh the expression vector without the PHYH ORF, no PhyH activity could be detected. When 
thee PHYH ORF was expressed, PhyH activity (3.4 nmol/h/mg protein) was measured in the 
yeastt lysates (Fig. 1A). The PhyH protein was readily detectable by immunoblot analysis, 
usingg a polyclonal antiserum raised against an 18 amino acid PhyH polypeptide, and has an 
apparentt Mw of 38.5 kDa (Fig IB). 

11 E 

ii 9 

B B 433 kDa 

299 kDa 

11 2 3 4 5 6 7 8 9 

Figuree 1. Heterologous expression of the human PHYH ORF in Saccharomyces cerevisiae. The wild 
typee human PHYH ORF as well as the ORF containing mutations as found in patients with RD were 
expressedd in S. cerevisiae, and lysates were prepared as described in Materials and Methods. Lysates 
weree used for (A) PhyH activity measurements and (B) immunoblot analysis. Lane numbers corre-
spondd to expression of (1) the vehicle only; (2) the human PHYH ORF, and the mutations found in 
patients:: (3) c.l35-245del; (4) C.734G-A; (5) C.823C-T; (6) C.610G-A; (7) C.530A-G; (8) 
C.824G-A;; (9) C.530A-G plus C.734G-A. 

Usingg the same expression system, the PHYH ORF constructs containing different mis-
sensee mutations and the 111 nucleotide deletion were expressed, and PhyH activity was 
measuredd in the yeast lysates (Fig. 1A). Expression of the large in-frame deletion of 111 
nucleotidess encoding a putative protein lacking 37 internal amino acids, does not result in any 
detectablee PhyH activity. Upon immunoblot analysis a single immunoreactive band was 
detectedd with an Mw of 36,5 kDa, which is about 2 kDa less when compared to the wildtype 
humann PhyH with a Mw of 38.5 kDa (Fig. IB). This finding is in line with the calculated 

123 3 



ChapterChapter 9 

deletionn of 37 internal amino acids. The shortened protein was clearly detectable, but at a 
lowerr level (<50%) as compared with the amount of wildtype PhyH produced in this expres-
sionn system. Probably, the mutant protein is less stable than its wildtype counterpart, and 
thereforee degraded more rapidly. 

Expressionn of other missense mutations, including C.8230T, c.824G-*A, and C.610G-A 
showedd that all these mutations caused complete enzymatic inactivation of the PhyH protein 
(Fig.. 1 A). In all cases, expression yielded a normal amount of the mutant PhyH protein. Slight 
differencess in electrophoretic mobility during SDS-PAGE were observed after immunoblot 
analysiss (Fig. IB). Visible changes in this type of analysis can occur already when a single 
aminoo acid is changed (17). 

Co-segregationn of the two missense mutations C.530A-G and C.734G-A was found in four 
patients;; two were homozygous (patients 5 and 8), and two were heterozygous (patients 6 and 
7)) for these mutations (Table 1). In order to determine the effect of the two mutations on 
PhyHH activity, these mutations were expressed both separately and together in S. cerevisiae. 
PhyHH protein was present in normal amounts in all three cases (Fig. IB). PhyH activity mea-
surementss showed that, when expressed as a single mutation, the C.530A-G transition re-
sultedd in a complete inactivation of PhyH, whereas the C.734G-A transition only caused a 
partiall  deficiency (about 75% PhyH activity when compared to the wild type PhyH). When 
thee two mutations were expressed together, no PhyH activity could be detected. These results 
indicatedd that the C.530A-G transition is responsible for the inactivation of PhyH activity in 
thee patients. 

Figuree 2. Multiple tissue Northern blot analysis of human poly-A+ mRNA. When a 487 nucleotide 
PHYHPHYH fragment was used as probe, a single band of about 1.6 kb was detected (A). P-actin was used 
ass a control (B). 
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Organisationn of the PHYH gene 

Thee complete PHYH cDNA sequence comprises 1578 nucleotides (18). We have con-
firmedfirmed this by Northern blot analysis using /W/Z-fragment c.456-942 as a probe which 
revealedd a mRNA fragment of about 1.6 kb, present predominantly in kidney and liver, and to 
aa lesser extent in heart and skeletal muscle (Fig. 2). 

Usingg a primer set complementary to both an exon and an intron sequence, a PCR-based 
screenn was performed on a genomic PAC library, yielding two positive clones. PCR analysis 
usingg primers complementary to cDNA sequences on both the 5'-end and the 3'-end plus 
severall  sequences in between, was used to verify the presence of the PHYH gene. Exon-intron 
junctionss were sequenced using one of the following methods: 1) Direct sequencing with the 
entiree PAC-clone as template, using cDNA based primers, 2) PCR amplification of a 
PAC-fragmentt using cDNA based primers, followed by sequence analysis, 3) PCR amplifica-
tionn of a PAC-fragment using cDNA based primers, followed by subcloning of this fragment 
andd subsequent sequence analysis. All exon-intron junctions were verified by PCR with a 
newlyy chosen primer combination complementary to both an exon and an intron sequence, 
usingg both the PAC-clone and human DNA obtained from cultured skin fibroblasts as tem-
plate,, followed by sequence analysis. 

Thee PHYH ORF comprises 9 exons separated by 8 introns, and spans about 21 kb. The first 
intronn was found at position 75 of the coding sequence (Table 2 / Fig. 3). All exon-intron 
splicee junctions conform to the GT/AG consensus sequence. 

Analysiss of the PHYH gene from patients with Refsum's disease 

PHYHPHYH cDNA analysis had revealed various mutations that were present in an apparently 
homozygouss form. The resolution of the genomic organisation of the PHYH ORF enabled us 
too verify the homozygosity on the genome level and to calculate the allele frequency for all 
mutationss (see Table 1). 

Inn addition, the gene structure enabled us to study the molecular basis of the deletions 
identifiedd at the cDNA level. The observation of deletions of 111 and 182 nucleotides upon 
cDNAA analysis indicated missplicing resulting in skipping of an exon. As can be concluded 
fromfrom the genomic organisation, the mutations c.l35-245del and c.497-678del represent the 
deletionn of exons 3 and 6 respectively. We studied the intronic 5'- and 3'-splice sites adjacent 
too the exon boundaries and found several mutations in both the GT- and AG-consensus se-
quencess (Table 3). 
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Tablee 2. Genomic organisation of the PHYH ORF 

intro n n 

no. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

cDNA A 
positio n n 

75 5 

134 4 

245 5 

414 4 

496 6 

678 8 

828 8 

963 3 

intro n n 

lengt h h 

1. 77 k b 

1. 55 k b 

8999 b p 

2. 44 k b 

3. 22 k b 

4. 55 k b 

2. 44 k b 

2. 99 k b 

exo n n 

sequenc e e 

CGGGGCTGTC C 

AACAATTCCA A 

AACGCTTTCG G 

TCTCCCCGAG G 

CCAGATTCTG G 

CAAGTGGGAG G 

ATTCCGGAAG G 

GAACTTGAAG G 

5'-intro n n 

sequenc e e 

gtatccttt g g 

gtaagtagt t t 

gtacagtaa c c 

gtcagagac c c 

gtaattgta a a 

gtaggtctg c c 

gtaagcatt c c 

gtatgtttg t t 

3'-intro n n 

sequenc e e 

cacatccta g g 

tctccttta g g 

aattttcta g g 

gctttctta g g 

ttcttttca g g 

cttgttcta g g 

ctttgcaca g g 

ttatttcca g g 

exo n n 

sequenc e e 

GTAGCTCATC C 

GTATACTCTG G 

GAATGAGTTT T 

ATTCTGAAAT T 

GCAAGAAGAC C 

GGGGGAGTTA A 

GCAATTTCCT T 

GATATTTGGA A 

genomic c 
DNA A 1.7 7 1.5 5 0.91 1 2.4 4 3.2 2 4.5 5 2.4 4 2.9 9 

11 kb 

i i 
-58 8 1529 9 

cDNA A 3 3 66 I 
1014 4 

H II = open reading frame 

Figuree 3. Organisation of the PHYHORF. Upper panel: genomic organisation, numbers represent the 
lengthss of intronic sequences in kb. Lower panel: organisation of the cDNA; the 1,014 bp open 
readingg frame is indicated in gray. 
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Thesee mutations are consistent with the event of exon skipping as observed in the patient's 
cDNA.. Another 111 nucleotide deletion (c,158-169del) was previously reported by Mihalik 
andd coworkers (14). Careful inspection of the surrounding cDNA sequence and the adjacent 
interveningg sequence as described in their mutation report however, revealed that these 
authorss have assigned the wrong position numbers to this fragment, and in fact described the 
c.l35-245dell  mutation, which is in their case caused by the 5'-splice site mutation 
g.IVS2-2A-GG (see Table 3). 

Thee c.679-711del does not represent skipping of an entire exon. Instead, 33 nucleotides 
fromfrom the 5'-end of exon 7 are deleted. Genomic analysis showed the insertion of a T in the 
5'-splicee site of intron 6 (g.IVS6(-2)-(-l)insT), thereby altering the consensus splice acceptor 
sequencee AG to TG. The AG sequence located at nucleotides c.710-711 of exon 7 apparently 
functionss as an alternative splice acceptor site, and results in skipping of the first 33 nucleo-
tidess of exon 7 as observed in the patient's cDNA. 

Chahall  and coworkers have reported a deletion of 88 amino acids in two patients with RD 
(patientss 1 and 3 in (16)). Analysis of the PHYH cDNA sequence revealed the mutation 
c.415-678del,, which reflects the deletion of exons 5 plus 6 (82 + 182 = 264 nucleotides; see 
Tablee 2). The effect on the deduced protein sequence is I139-E226del, a polypeptide lacking a 
aminoo acids 139-226 (although the authors mention amino acid numbers 138-225). It is very 
likelyy that also this case of exon skipping is caused by mutations in one of the splice sites, 
whichh can now be studied at the genome level. 

Tablee 3. PHYH mutations in patients with Refsum's disease causing missplicing events 
cDNAA mutation DNA mutation effect 

c.l35-245dell  g.IVS2-2A-G1 deletion of exon 3 
g.IVS2-lG-CC deletion of exon 3 

c.497-678dell  g.IVS5-2A-G deletion of exon 6 
g.II  VS6+5G-T deletion of exon 6 

c.679-711 ldel g.IVS6(-2)-(-l)insT deletion of 33 nt from exon 7 

11 This mutation has been published by other authors (14), but was assigned a incorrect position 
number. . 

DISCUSSION N 

Previouss studies have demonstrated that RD is caused by PhyH deficiency (12). PHYH 
analysiss using cDNA from patients with RD revealed mutations in all cases (13-16), showing 
thatt PHYH is the disease causing gene in RD. In this study, we have extended the PHYH 
cDNAA mutation analysis to a total of 29 patients with RD. In line with previous studies (13-
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16),, all patients had mutations in the PHYH cDNA. These mutations included 14 different 
missensee mutations, 4 deletions, and 3 insertions. Some of the mutations, like deletions and 
insertionss that cause frame shifts which result in a truncated protein, are likely to produce an 
inactivee PhyH protein. PhyH activity measurement in fibroblast homogenates from patients 
withh missense mutations showed that the enzyme activity is completely deficient. Heterolo-
gouss expression of five missense mutations in the yeast S. cerevisiae showed that mutant 
PhyHH is produced in all cases, and that all but one of these mutations result in an enzymati-
callyy inactive PhyH protein. The C.734G-A mutation, which produced a protein with 75% 
residuall  activity, was found in four patients. This mutation co-segregated with the C.530A-G 
inn all these patients, and the latter caused inactivation of PhyH. Neither in the patients with 
RDD nor in a population of controls the C.734G-A transition was found as an isolated muta-
tion,, which excluded it from being a polymorphism. 

Althoughh we have not expressed all newly identified missense mutations, the observation 
thatt all patients with RD analysed contain mutations plus the fact that the corresponding 
patients'' fibroblasts lacked PhyH activity strongly indicated that the mutations found indeed 
aree the underlying basis of the enzymatic PhyH deficiency. This idea implies that the amino 
acidd substitutions resulting from these mutations involve parts of the protein which are impor-
tantt for either proper maturation and/or function of PhyH. Future studies on the three dimen-
sionall  structure of PhyH might benefit from these mutations and eventually will reveal the 
basiss for the inactivation caused by these mutations. 

Thee question whether patients with RD are homozygous for a mutation can not be solved 
unequivocallyy by cDNA analysis. This prompted us to resolve the genomic organisation of 
thee PHYH gene, which provided us with the tools to study mutations at the genome level. In 
addition,, DNA analysis in patients presenting with large deletions in their cDNA revealed the 
presencee of mutations in the exon-intron boundaries. These mutations caused missplicing and 
thuss provided the explanation for the cDNA deletions. 

Itt has been established that PhyH catalyses the first step of the degradation of phytanic 
acid,, a branched chain fatty acid present in the human diet. A study by Iwano and coworkers 
onn Lupus Nephritis (LN) suggests that PhyH may well have some other functions (19). LN is 
ann autoimmune disease characterised by spontaneous B- and T-cell autoreactivity, leading to 
multii  organ immune injury including severe glomerulonephritis (20). Using a murine model 
forr this disease, mRNA differential display analysis showed a reduced expression of the LN1 
gene,, which turned out to be PHYH. The murine LN1 /PHYH gene was expressed specifically 
inn kidney and liver, but hardly or not at all in brain, heart, lung, spleen and skeletal muscle. It 
wass suggested that the reduced expression of PHYH might contribute to the pathogenesis of 
LNN via an unknown mechanism (19). Our present study shows that the tissue specific expres-
sionn in mouse corresponds in part to the expression of its human orthologue, which was 
expressedd mostly in liver and kidney, but also in heart and skeletal muscle. Until now no data 
onn PHYH expression levels in patients with LN have been reported in literature, so the rela-
tionn between the pathology in LN and the presence of PhyH is still unclear. 
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Anotherr study in which a yeast two hybrid system was used to find protein-ligands for 
immunophilins,, showed that PhyH is strongly associated with immunophilin FKBP52 (18). 
Immunophilinss are intracellular receptors that can interact with proteins involved in signal 
transductionn pathways. The interactions are thought to be involved in the regulation of the 
signall  transduction pathway. Whether PhyH interferes with signal transduction pathways 
mediatedd by FKBP52 remains to be investigated in studies using immunosuppressant drugs. 

Inn conclusion, the role of PhyH in degradation of phytanic acid is well established. How-
ever,, the pathogenesis in patients with RD (PhyH deficiency) is not well understood. Whether 
thee clinical symptoms are solely caused by the accumulation of phytanic acid is still unclear. 
Thuss far, other physiological functions of PhyH, such as interactions with proteins involved in 
signall  transduction were never considered to play a role in the pathogenesis of RD, and need 
too be investigated. 

MATERIAL SS AND METHOD S 

Patients s 

Alll  patients used in this study were diagnosed of Refsum's disease based on clinical find-
ingss and elevated phytanic acid levels in plasma. Some patients were previously described in 
detail:: patients 21 and 22 were presented as patients 1 and 2 by Jansen and coworkers (13), 
patientss 17, 19 and 13 were cases 2, 4 and 11 as described by Skjeldal and coworkers (21). 
Forr these 5 patients PHYH cDNA analysis has been performed before (13). More detailed 
informationn on both clinical and biochemical data of the other patients can be obtained from 
thee authors upon request. 

Enzymee activity measurements 

PhyHH activity measurement in cell lysates from yeast cultures was performed according to 
aa radiochemical HPLC based assay procedure used for PhyH measurement in human liver 
homogenatess (22). 

PHYHPHYH cDNA mutation analysis 

Sequencee analysis of PHYH cDNA derived from cultured skin fibroblasts from control 
individualss and patients with Refsum's disease was carried out as previously described (13). 
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Heterologouss expression of the PHYH cDN A in Saccharomyces cerevisiae 

Thee complete coding sequence of human PHYH was amplified from cDNA obtained from 
culturedd skin fibroblasts using Xbal and Hindlll tagged primers (5'-AAA TCT AGA AAA 
ATGG GAG CAG CTT CGC GCC GC-3' and 5'-AAA AAG CTT TCA AAG ATT GGT TCT 
TTCC TCC-3' respectively) and cloned into the plasmid pGEM-T (Promega, Leiden, The 
Netherlands)) to obtain pPHYHh. The PHYH sequence was subsequently verified by sequence 
analysiss using T7 and SP6 primers. The PHYH coding sequence was then released from 
pGEM-TT as a Xbal and Hindlll fragment and subcloned into the Xbal and Hindlll sites of the 
yeastt expression plasmid pEL30 (low copy plasmid, containing CEN-sequence) (23), under 
thee transcriptional control of the oleate-inducible promoter pCTAl. The expression constructs 
and,, as a control, the vector pEL30 were transformed into S. cerevisiae strain BJ1991 {MATa, 
leu2,leu2, trpl, ura3-52, prbl-1122, pep4-3)(24). Transformants were grown in minimal essential 
mediumm containing 3 g/1 glucose and 6.7 g/1 yeast nitrogen base without amino acids (Difco 
Laboratories,, Detroit MI, USA) supplemented with appropriate amino acids at 30°C. In order 
too induce expression, cells were harvested by centrifugation and transferred into a medium 
containingg 1.2 g/1 oleic acid, 1.2 g/1 Tween-40, 5 g/1 potassium phosphate (pH 6.0), 3 g/1 yeast 
extract,, and 5 g/1 peptone. Cells were grown at 30°C and harvested by centrifugation after the 
culturee has reached a spectrophotometrical absorbance at 600 nm of about 0.5. The cells were 
resuspendedd in 250 ul buffer containing 20 mM Tris-HCl pH 7.5, 5 mM dithiotreitol, 1 ug/ml 
leupeptin,, 2 mg/ml Pefabloc (Merck NL, Amsterdam, The Netherlands) and 10% (v/v) gly-
cerol.. After addition of 200 ul glass beads, the suspension was vortexed for 30 min at 4°C, 
centrifugedd for 2 min at 12,000 * g at 4°C, and the supernatant containing human PhyH was 
takenn for PhyH activity measurements and further experiments. 

Inn order to clone mutant alleles from patients with RD, the protocol as described above was 
followed,, but then using cDNA derived from the patients. 

Generationn of anti-PhyH antiserum 

Thee deduced PHYH amino acid sequence was analysed for putative antigenic sites using 
Macc Vector sequence analysis software (Oxford Molecular Group, UK). According to the 
antigenicc index, amino acids 160 to 177 (NKPPDSGKKTSRHPLHQD) of PhyH were pre-
dictedd to comprise a potential antigenic polypeptide. This 18 amino acid polypeptide was 
synthesisedd chemically, and coupled to ovalbumin (OVA). 

Femalee New Zealand white rabbits were primed with 180 ug of the OVA-PhyH poly-
peptidee in 0.8 ml PBS mixed with an equal volume of Freund's complete adjuvant. After 2 
weekss the immunisation was followed by a boost injection of 180 ug of the OVA-PhyH 
polypeptidee mixed with Freund's incomplete adjuvant. Two more boost injections were given 
att 4 week intervals. Eight days after each boost injection a 10 ml blood sample was taken, and 
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serumm was prepared. 

Immunoblott  analysis 

Sampless were subjected to SDS-PAGE on a 10% polyacrylamide gel and blotted onto a 
nitrocellulosee filter. Nonspecific binding sites were blocked for one hr using a PBS solution 
containingg 1 g/1 Tween-20 (PBST), supplemented with 30 g/1 non-fat dried milk (NFDM). 
Primaryy (polyclonal anti-PhyH) and secondary (goat anti rabbit IgG coupled to alkaline 
phosphatase)) antibody incubations were performed in PBST. After each incubation, the blots 
weree washed extensively in 3 g/1 NFDM/PBST. Antigen-antibody complexes were visualised 
usingg alkaline phosphatase staining in a buffer containing 0.1 M Tris-HCl (pH 9.5), 0.1 M 
NaCl,, 5 mM MgCl2, 0.33 g/1 4-nitro blue tetrazolium chloride, 0.17 g/1 5-bromo-4-chloro-
3-indolyl-phosphatee (disodium salt). 

Northernn blot analysis 

AA human multiple-tissue northern blot containing poly-A+ RNA was obtained from 
Clontechh (Clontech laboratories GmbH, Heidelberg, Germany). For detection of PHYH 
mRNA,, a 487 nucleotide dioxigenin (DIG) labelled probe was synthesised by PCR using 
dioxigenin-UTPP (DIG-UTP) (Boehringer Mannheim NL, Almere, The Netherlands). Hybridi-
sationn steps followed by chemolumini scent detection were performed using CD?-Star 
(Boehringerr Mannheim) as substrate according to the manufacturers protocol. 

Sequencee analysis and organisation of the PHYH gene 

Inn order to obtain PHYH containing clones from genomic PAC-library, a PCR was de-
velopedd amplifying a sequence containing part of an exonic sequence plus part of the adjacent 
interveningg sequence. PCR screening of the human PAC-library was performed by Genome-
Systemss (St. Louis, Missouri, USA) and yielded two positive clones (16924, 16925). PCR 
analysiss using primers complementary to cDNA sequences on both the 5'-end and the 3'-end 
pluss several sequences in between, was used to verify the presence of the complete PHYH 
gene.. Exon-intron junctions were sequenced using one of the following methods: 1) Direct 
sequencingg with the entire PAC-clone as template using BigDyeTerminator chemistry (Perkin 
Elmerr Benelux, Gouda, The Netherlands), using cDNA based primers, 2) PCR amplification 
off  a PAC-fragment using cDNA based primers, followed by sequence analysis using BigDye 
Primerr chemistry (Perkin Elmer), 3) PCR amplification of a PAC-fragment using cDNA 
basedd primers, followed by subcloning of this fragment in the vector pGEM-T (Promega) and 
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subsequentt sequence analysis using BigDyeTerminator chemistry. For some sequence reac-
tions,, 'GC-Melt' buffer (Advantage-GC cDNA PCR kit, Clontech) was used. All exon-intron 
junctionss were verified by PCR with a newly chosen primer combination complementary to 
bothh an exon and an intron sequence, using both the PAC-clone and human DNA obtained 
fromm cultured skin fibroblasts as template, followed by sequence analysis. 
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