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Abstract 

X-linked adrenoleukodystrophy (X-ALD) is a complex and perplexing 
neurodegenerative disorder. The metabolic abnormality, elevated levels of very 
long-chain fatty acids in tissues and plasma, and the biochemical defect, reduced 
peroxisomal very long-chain acyl-CoA synthetase (VLCS) activity, are ubiquitous 
features of the disease. However, clinical manifestations are highly variable with 
regard to time of onset, site of initial pathology and rate of progression. In addition, 
the abnormal gene in X-ALD is not the gene for VLCS. Rather, it encodes a 
peroxisomal membrane protein with homology to the ATP-binding cassette (ABC) 
transmembrane transporter superfamily of proteins. The ALD protein (ALDP) is 
closely related to three other peroxisomal membrane ABC proteins. In this report 
we summarize all known X-ALD mutations and establish the lack of an X-ALD 
genotype/phenotype correlation. We compare the evolutionary relationships among 
peroxisomal ABC proteins, demonstrate that ALDP forms homodimers with itself 
and heterodimers with other peroxisomal ABC proteins and present cDNA 
complementation studies suggesting that the peroxisomal ABC proteins have 
overlapping functions. We also establish that there are at least two peroxisomal 
VLCS activities, one that is ALDP dependent and one that is ALDP independent. 
Finally, we discuss variable expression of the peroxisomal ABC proteins and 
ALDP independent VLCS in relation to the variable clinical presentations of X-
ALD. 

Introduction 

The most common peroxisomal disorder is X-linked adrenoleukodystrophy (X-
ALD; McKusick No. 300100). It is a post-natal progressive neurodegenerative 
disorder that is characterized biochemically by increased tissue and plasma 
concentrations of very long-chain fatty acids (VLCFA; C > 22:0).J Clinical 
manifestations of X-ALD are highly variable with respect to age of onset, rate of 
progression, and site of initial neurological involvement. The major forms of X-
ALD are childhood cerebral (CCALD), adult adrenomyeloneuropathy (AMN) and 
Addison-only (AD). It is generally agreed that the primary cause of elevated 
VLCFAs is decreased peroxisomal ß-oxidation associated with reduced activity of 
the peroxisomal enzyme, very long-chain acyl-CoA synthetase (VLCS), that 
activates VLCFAs to their CoA thioesters.2"7 Surprisingly, following positional 
cloning of the ALD gene,8 the deduced amino acid sequence of its product, ALDP, 
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is related to a family of ATP-binding cassette (ABC) transmembrane transporter 
proteins and not VLCS.910 The existence of ALDP was unknown and not 
hypothesized prior to its cloning and its function in VLCFA ß-oxidation and its role 
in X-ALD pathogenesis have yet to be determined. 

The ALD protein 
ALDP is a member of the ABC transmembrane transporter superfamily of 
prokaryotic and eukaryotic proteins.11 These proteins transport a variety of ligands 
ranging from ions to proteins. The typical eukaryotic ABC transporter is 
transcribed from a single gene and consists of two hydrophobic transmembrane 
domains and two hydrophilic domains that each contain a nucleotide binding fold. 
In contrast, ALDP has only one hydrophobic and one hydrophilic domain and is 
designated a half-transporter.8 ALDP has been localized to the peroxisomal 
membrane in human fibroblasts, with the hydrophilic carboxyl-terminal domain 
oriented toward the cytoplasm.12'13 Complementation studies have shown that 
expression of ALDP cDNA in fibroblasts from X-ALD patients will restore 
VLCFA ß-oxidation.14'15 To date, three additional mammalian peroxisomal ABC 
half-transporters have been identified: PMP70,16'17 ALDR,18'75 and PMP69 
(P70R).19'76 

ALD gene mutations 
The ALD gene occupies approximately 26 kilobases of genomic DNA and encodes 
a mRNA of 4.3 kb and a protein of 745 amino acids.8'20 In part to verify that the 
gene encoding ALDP is defective in X-ALD, several laboratories have searched for 
ALD gene mutations in X-ALD patients. Mutations have been identified in all X-
ALD patients where the entire gene has been examined. A total of 209 mutations 

o 1 " 3 0 1 /11 7") ~]A "7*7 

have been reported by various groups, • • " • " • they are listed in Table 1. 
Of these 209 mutations, 111 are missense (53.1%), 51 are frame shift 

(24.4%), 18 are nonsense (8.6%), 13 are large deletions of one or more exons 
(6.2%), 11 are in-frame deletions or insertions (5.3%), and 5 are splicing defects 
(2.4%). The majority of X-ALD kindreds have private mutations; 147 (70%) are 
non-recurrent. 
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Table 1: X-ALD Worldwide Mutations (January 1999) 

Exon Allele 
Missense 

Mutation 
mutations 
ATG (387) N ALDP Reference 

S98L 2 9 3 0 T 6 7 9 0 T I + 36 
R104C 3 1 0 O T 6 9 6 0 T I +/- 31,32 
R104H 311G>A 697G>A 1 +/- 29 
T105I 3 1 4 0 T 7 0 0 O T [ 36 
L107P 320T>C 706T>C 1 nd 37 
S108W 3 2 3 0 G 7 0 9 O G 1 +/- 36 
G116R 346G>A 732G>A [ 36 
A141T 421G>A 807G>A L nd 31 
N148S 443A>G 829A>G 3 + 24,36,73 
S149N 446G>A 832G>A I + 32 
R152C 454C>T 8 4 0 O T : I + 31,36 
R152P 455G>C 841G>C L nd 32 
R163H 488G>A 874G>A L nd 32 
Y174D 520T>G 906T>G : I nd 24,37 
Y174S 521A>C 907A>C I nd 72 
Q178E 532C>G 9 1 8 0 G - 29 
Y181C 542A>G 928A>G 1 nd 36 
R182P 545G>C 931G>C I nd 31 
D194H 580G>C 966G>C [ + 32 
D200N 598G>A 984G>A nd 73 
D200V 599A>T 985A>T L n d 36 
L211P 632T>C 1018T>C nd 37 
S213C 6 3 8 0 G 1024OG nd 77 
N214D 640A>G 1026A>G nd 73 
L220P 659T>C 1045T>C 1 +/- 32 
D221G 662A>G 1048A>G ] - 36 
T254M 7 6 1 0 T 1 1 4 7 0 T ] nd 37 
P263L 7 8 8 0 T 1 1 7 4 0 T ] +/- 36 
G266R 796G>A 1182G>A : nd 24,32,73 
E271K 811G>A 1197G>A ] nd 73 
K276E 826A>G 1212A>G ] + 13 
G277R 829G>A 1215G>A ] nd 37 
G277W 829G>T 1215G>T ] nd 31 
R285P 854G>C 1240OC 1 nd 77 
E291K 871G>A 1257G>A ] - 21 
E291D 873 G>C 1259G>C ] - 13 
A294T 880G>A 1266G>A 1 nd 36 
Y296C 887A>G 1273A>G 1 nd 73 

2 E302K 904G>A 1290OA 1 nd 38 
2 L322P 965T>C 1351T>C 1 nd 74 
2 S342P 1024T>C 1410T>C 1 + 13 
3 R389G 1 1 6 5 0 G 1 5 5 1 0 G 1 nd 37 
3 R389H 1166G>A 1552G>A 2 + 31,32 
3 R401W 1201OT 1 5 8 7 0 T 1 nd 73 
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Table 1 continued 

3 R401Q 1202G>A 1588G>A 3 + 13,24,37 

4 R418W 1 2 5 2 0 T 1 6 3 8 0 T 3 - 24,37,* 

5 P484R 1 4 5 2 0 G 1 8 3 8 0 G 1 nd 28 

6 G507V 1520G>T 1906G>T 1 nd 73 

6 G512S 1534G>A 1920OA 3 - 31,35,36 

6 S515F 1 5 4 4 0 T 1930OT 1 nd 24 

6 R518W 1 5 5 2 0 T 1 9 3 8 0 T 3 - 23,36 

6 R518Q 1553G>A 1939G>A 2 - 39,73 

6 G522W 1564G>A 1950G>A 1 - 36 

6 P534L 1601OT 1 9 8 7 0 T 1 - 35 

6 F540S 1619T>C 2005T>C 1 nd 73 

6 P543L 1 6 2 6 0 T 2014OT 1 nd 77 

6 Q544R 1631A>G 2017A>G 2 + 39,73 

7 S552P 1654T>C 2040T>C 1 - * 
7 R554H 1661G>A 2047G>A 1 - * 

7 P560L 1 6 7 9 0 T 2065OT 6 +/- 29,36,73 

7 P560R 1 6 7 9 0 G 2065OG 1 - 36 

7 M566K 1697T>A 2083T>A 1 - 31 

7 R591W 1 7 7 1 0 T 2157C>T 1 nd 73 

7 R591Q 1772G>A 2158G>A 1 + 31 

8 S606P 1816T>C 2202T>C 1 - 36 

8 S606L 1 8 1 7 0 T 2203OT 3 + 23,31,73 

8 E609K 1825G>A 2211G>A 2 - 32,37 

8 E609G 1826A>G 2212A>G 1 - 32 

8 R617C 1 8 4 9 0 T 2 2 3 5 0 T 3 nd 23,32,37 

8 R617G 1 8 4 9 0 G 2 2 3 5 0 G 1 nd 37 

8 R617H 1850G>A 2236G>A 2 - 31,33 

9 A626T 1876G>A 2262G>A 1 - 13 

9 D629H 1885G>C 2271G>C 1 + 13 

9 S636I 1907OT 2293G>T 1 nd 77 

9 R660W 1 9 7 8 0 T 2 3 6 4 0 T 6 - 31,32,35,36,73 

10 W679R 2035T>C 2412T>C 1 nd 40 

Exon Allele 
In frame amino acid insertions & deletions 

Mutation ATG (387) N ALDP Reference 
LRL78ins 233ins9bp 619ins9bp 1 nd * 
FA80-81ins 240insTTTGCG 626insTTTGCG nd 77 

LLIA138del 412-423 del 798-809del ] nd 37 

N277-278Ù1S 828insAAT 1214insAAT nd 37 

E291del 871delGAG 1257delGAG : S 13,37,73 

5 V491-492ins 1462insTGG 1848insTGG - 36 

6 G528del 1582delGGT 1968delGGT L nd 29 

7 HILQ587-590del 1759-1770del 2145-2156del nd 73 

9 I657del 1969delATC 2355delATC I nd 32 
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Table 1 continued 

Exon Allele 
Nonsense 

Mutation 
mutations 
ATG (387) N ALDP Reference 

W10X 30G>A 416G>A - 36 
Q133X 3 9 7 0 T 7 8 3 0 T - 32 
W137X 411G>A 797G>A - 32 
Q157X 4 6 9 0 T 8 5 5 0 T - 32 
Y181X 5 4 3 0 A 9 2 9 0 A - 32 
Y212X 6 3 6 0 G 1022OG nd 29 
W242X 726G>A 1 1 1 2 0 A nd 37 

2 Q311X 9 3 1 0 T 1 3 1 7 0 T nd 22 
2 W326X 977G>A 1363G>A nd 22 
4 R464X 1390OT 1 7 7 6 0 T nd 23 
4 Q466X 1 3 9 6 0 T 1 7 8 2 0 T nd 31 
5 E477X 1429G>T 1815G>T 2 nd 24,37 
7 Q590X 1 7 6 8 0 T 2154C>T nd 27 
8 W595X 1785G>A 2171G>A nd 73 
8 W601X 1802G>A 2188G>A nd 77 
9 Q645X 1 9 3 3 0 T 2319C>T 1 - 13 
10 0672X 2014C>T 2400OT - 41 

Exon Allele 
Splice defects 

Mutation ATG (387) N ALDP Reference 
3 Fs E408 1224A>G 1610A>G I nd 31 
intron 6 Fs R545 IVS6+lg>a IVS6+lg>a I nd 23 
intron 6 Fs R545 IVS6-2a>g IVS6-2a>g - 30 
intron 7 Fs G593 IVS7+lg>a IVS7+lg>a nd 36 
intron 8 Fs R622 IVS8-10g>a IVS8-10e>a L nd 30 

Exon Allele Mutation 
Frame shifts 

ATG (387) N ALDP Reference 
1 FsA19 56delC 442delC - 32 
1 FsP34 102C>AT 4 8 8 0 A T [ nd 73 
1 Fs L46 138insT 524insT I nd 36 
1 FsT91 274del38 660del38 1 nd 29 
1 Fs G92 277delC 663delC [ nd 32 

1 Fs A99 298delG 684delG I nd * 
1 FsQ133 401TGCTGalt 787TGCTGalt I nd 34 
1 FsY180 541delTA 927delTA - 36 
1 FsL197 591insT 977insT I nd 73 
1 Fs S207 618dell3 1004dell3 L nd 37 
1 FsR231 693delGG 1079delGG : > 31,36 
1 FsF261 785del7 1171del7 nd 32 
1 Fs G266 796delG 1182delG nd 37 
1 Fs F295 886dell4 1272dell4 nd 77 
3 Fs V378 1135insC 1521insC - 36 
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Table 1 continued 

4 FsA417 
5 Fs V470 
5 Fs V470 
5 FsE471 

6 Fs H502 
6 FsF517 
6 Fs G528 
6 Fs P534 
7 Fs V582 
8 Fs A597 
8 Fs S606 
9 Fs D649 

1250delC 1636delC 1 - 36 

Hl l insA 1797insA 1 nd 31 

1412delAA 1798delAA 1 nd 31 

1415delAG 1801delAG 24 - 24,25,31,36 
37,72,73 

1508insC 1894insC 1 nd 77 

1551delC 1937delC 1 nd 23 

1585delG 1971delG 1 nd 38 

1603-1991alt 1989-2377alt 1 - 32 

1746delC 2132delC 1 nd 77 

1791delTA 2177delTA 1 nd 23 

1818delG 2204delG 1 nd 23 

1948delGC 2334delGC 1 _ 36 

Start Allele 
Multiple exons 

N ALDP Reference 
1 0.5 kb in exon 1 nd 26 

2 exon2del nd 8 

2 exon2-7del nd 8 

3 exon3-5del nd 8 

3 exon3-10del nd 31 

3 exon3-10del nd 26 

6 exon6-10del [ nd 26 

7 exon7-9del (7 kb deletion) L nd 73 

7 exon7-10del [ nd 8 

7 exon7-10del I 31 

8 exon8-9del I nd 8 

8 exon8-10del I nd 31 
? multiple exons [ nd 35 

Exon Allele 
Polymorphisms 

Nucl. change ATG (387) Freq Reference 
6 L515L 
10 

1548G/A 
2246C/G 

1934G/A 
2632C/G 

15% 
24% 

23-25 
25 

Legend Table 1: Two nucleotide numbering systems have been used for reporting X-ALD 
mutations. The first uses the first nucleotide of the cDNA as number +1. The second uses the A of 
the initiator Methionine codon as +1. Ln this report, all mutation designations are standardized 
to the second, more common, numbering system. All mutation designations conform to the 
nomenclature described in Human Mutation 8:197-202 (1996). For frame shift mutations the last 
unchanged amino acid is indicated. The mutations marked with an * are reported for the first 
time in this report. The column headed ALDP indicates the presence or absence of ALDP in 
fibroblasts as indicated by cellular immunofluorescence and/or immunoblotting: (+) = normal 
levels, (-) = undetectable levels, (+/-) = reduced levels of ALDP and (nd) = not done. 
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As depicted in Fig. 1, mutations are spread through the entire gene but are 
not evenly distributed. There is a clustering of mutations in the putative membrane 
spanning region (38%), the putative nucleotide binding domain (29%) and in exon 
5 (16%). The remaining mutations (17%) occur throughout the rest of the coding 
region. Interestingly only two mutations have been described in exon 10 which 
encodes the carboxyl-terminal 81 amino acids (10.9%) of ATDP. ' 

Two nucleotide polymorphisms have been reported in the ALD gene. A silent 
G/A nucleotide polymorphism at position 1548 (L516L) in the sixth exon has been 
identified with the same frequency in two independent studies;" ' an adenosine 
residue was present in 15% of patients (combined 14 of 95). A C/G nucleotide 
polymorphism has been observed 8 nucleotides downstream of the stop codon. ' A 
guanine residue was present at position 2246 in 8 out of 33 (24%) patients 
investigated. It should be noted that the original report of the ALD cDNA sequence 
contained a sequencing error 368C>T resulting in A123V. 

: : : . , JÄ 
B 111! I l l l l l ! Hi l l I U I «II 1 1 1 | ne IIIIII u r n j Missease 

j II 1 1 1 1 II II i i i Nonsense 

1 1! II 1 1 II 1 II 1 1 1 Frameshift 

| | 1 1 a.a. ins/dei 

*n •"•qp" -«», - ^ Splice def. 

c 

~J Missense mutation 
I Nonsense mutation 

f Fra mesh iff | § | Spike defec t 
3 Amino acid insertion / deletion 

Figure 1. Graphic presentation of X-ALD mutations. (A) Schematic presentation of the ALD 
protein indicating the putative transmembrane spanning and ATP binding domains. (B) 
Depiction of mutation locations grouped by the type of mutation. The vertical lines represent the 
location of each non-recurrent mutation. (C) All known X-ALD mutations are shown except for 
13 large deletions that affect two or more exons. Each box represents one patient. 

Mutational hot spot. A mutational hot spot has been identified in exon 
5.25,31 A recurrent dinucleotide deletion (1415delAG) has been reported in 11.5% 
(24/209) of X-ALD kindreds. Haplotype analysis in 12 of these kindreds 
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established that the "hot spot" kindreds were unrelated.25'31 The AG deletion results 
in a frame shift at amino acid residue E471 and a premature stop codon at position 
554. The predicted protein would lack the nucleotide-binding fold and would most 
likely be inactive. Two adjacent mutations, an adenosine insertion at position 1411 
and a dinucleotide AA deletion at position 1412/1413 have been reported.31 Motifs 
known to be associated with short deletion/insertion mutations have not been 
identified in the region flanking the recurring mutations in exon 5. 

Distribution of missense mutations. Among X-ALD patients, functionally 
important regions in a protein should contain more missense mutations than regions 
that are of less functional importance. In order to identify such functionally 
important regions in ALDP, we calculated the frequency of missense mutations in 
50 amino acid intervals from the amino to the carboxyl termini. If missense 
mutations were distributed randomly throughout the protein, 6.7% of all missense 
mutations would be expected in each 50 amino acid interval. This distribution is 
displayed in Fig. 2A and compared to the 6.7% level expected for a random 
distribution of mutations. When compared to the diagram of the protein shown at 
the bottom of the figure, it is clear that there are three regions of ALDP where there 
are higher than expected numbers of missense mutations. The first two regions are 
located within the putative transmembrane domain. These regions might function in 
the homo- or heterodimerization of ALDP, the binding of ALDP to VLCS or in 
substrate recognition by ALDP. The second region is between the predicted 
transmembrane spans 4 and 5 and contains the EAA-like motif that resembles the 
15 amino acid core of an EAA motif,43 that is characteristic of prokaryotic ABC 
transporters.44'45 The third region contains the putative nucleotide binding fold 
between the signature domains Walker A and B. 

The open reading frame of the ALD gene has a high G/C content (65%). CpG 
sites are known to be mutational hot spots because the cytosine residue of this 
dinucleotide is a target site for DNA methylase, forming 5-methylcytosine which is 
readily converted to thymine by deamination.46 Indeed, 56% of ALDP missense 
mutations are found in CpG sites. Furthermore, in 78% of all missense mutations 
either a C was changed into a T or a G was converted to an A (a C to T transition 
on the antisense strand). To ensure that a higher incidence of missense mutations in 
any interval of ALDP is not caused by a higher occurrence of CpG sites in that 
interval, we corrected the distribution of missense mutations for redundant CpG site 
mutations. When identical missense mutations were found in a given CpG site, only 
one was counted. All identical missense mutations not occurring in CpG sites were 
included in the distribution. When corrected for redundant CpG site mutations the 
same three regions with higher than expected mutations were observed (Fig. 2B). 
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Figure 2. Regional frequency of missense 
mutations in ALDP. Missense mutations should 
occur most frequently in regions of functional 
importance. The frequency of missense 
mutations found per 50 amino acid intervals is 
plotted in the upper panel (A) for all missense 
mutations and in the lower panel (B) after 
correction for redundant CpG mutations. The 
dashed line indicates the frequency of mutations 
expected in each 50 amino acid interval if they 
were random. The ALD protein is represented 
schematically at the bottom of the figure. The 
transmembrane and ATP-binding domains are 
indicated. The hatched box within the 
transmembrane domain indicates the location of 
the EAA motif. 

•iilillSSillt! 

Functional significance of exon 10. If the distribution of mutations over the 
length of the ALD gene would be constant, 10.9% of the mutations would be 
expected in exon 10, which encodes the 81 carboxyl-terminal amino acids. 
However, only two X-ALD mutations and no polymorphisms have been reported in 
exon 10 from sequence analysis of 209 X-ALD patients and more than 300 normal 
X-chromosomes. This discrepancy suggests that this segment of ALDP maybe of 
functional significance. To gain insight into this possibility, we constructed an ALD 
mutant protein in which the 52 carboxyl-terminal amino acids (ALDPd693-745) 
were replaced by a myc epitope (pSK693myc). The two known exon 10 mutations 
occur in the 29 amino acids that are up stream of the deletion in pSK693myc. This 
construct was used to transfect a transformed fibroblast cell line derived from an X-
ALD patient with an A626T mutation in ALDP. Before transfection no ALDP 
could be detected in this cell line13. To investigate if the mutant ALDPd693-745 is 
functionally active, we determined VLCFA ß-oxidation in X-ALD fibroblasts after 
transfection with pSK693myc and compared this result with those obtained after 
transfection with a plasmid containing wild type ALDP (pLB741) or a plasmid 
without an insert (pcDNA3). Fibroblasts from an X-ALD patient (A626T) have a 
marked reduction in C24:0 ß-oxidation when compared to normal cells. As shown 
in Table 2, C24:0 ß-oxidation remained low after transfection with pcDNA3. After 
correction for the fraction of cells transfected, plasmids containing either wildtype 
ALDP (pLB741) or the carboxyl-terminal deletion ALDP (pSK639myc) restored 
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VLCFA ß-oxidation to the same extent. This experiment indicates that the 52 
carboxyl-terminal amino acids of ALDP are not necessary for the stability of ALDP 
or for normal VLCFA ß-oxidation. It remains unclear why mutations are so 
infrequent in this region. 

Promoter mutations. Interestingly, no promoter mutations or complete gene 
deletions have been reported. All large chromosomal deletions of the ALD gene are 
located in the carboxyl-half of the gene. A possible explanation for this 
phenomenon was suggested by Mosser et al. 7 They suggested that exon 1 of the 
ALD gene might contain promoter sequences belonging to the ubiquitously 
expressed gene, CDM, that is located 456 bp 5' to the ALD gene and is transcribed 
in the opposite direction. While there is no direct evidence for this hypothesis and 
the function of the CDM gene remains unknown it is possible that disruption of the 
CDM gene might be lethal. 

Table 2: Correction of C24:0 ß-oxidation by ALDP Exon 10 Deletion Mutant 
Transfection 

Cell line Construct C24:0 ß-oxidation Efficiency Correction 
Normal none 0.87 
A626T pcDNA3 0.10 
A626T pSK693myc 0.17 
A626T pLB741 OJJ 

Fibroblasts from an X-ALD patient (A626T) were transfected with the indicated plasmids by 
electroporation. The frequency of transfection was determined by indirect immunofluorescence 
using either anti-myc or anti-ALDP antibodies and C24.0 ß-oxidation determined as described 
previously. 

Mutant ALDP stability. Analyses of fibroblast cell lines from X-ALD 
patients with a variety of mutations including insertions, deletions, nonsense and 
missense mutations, either by immunofluorescence or by immunoblotting, has 
established that ALDP is not detectable in 67% of all X-ALD patients examined 
(80 total).1336'48 Only 23% of X-ALD kindreds express ALDP at wildtype levels. 
However, all X-ALD patients examined have ALDP mRNA, independent of the 
type or location of the mutation.32 Thus, the absence of ALDP is likely to be caused 
by protein instability rather than RNA instability. All mutations examined (19 total) 
other than missense mutations result in non-detectable levels of ALDP. No mobility 
shifts were observed by Polyacrylamide gelelectrophoresis for frame shift or 
nonsense mutations leading to truncated ALDP that would have retained the 
antibody epitope.36'48 Of 57 non-recurrent mutations examined for ALDP stability, 
38 were missense mutations. Approximately 66% (25 total) of missense mutations 
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resulted in non-detectable levels of ALDP. Nine of the 13 missense mutations that 
did not affect ALDP stability were located within the putative transmembrane 
domain of ALDP. 

Table 3: Genotype Versus Phenotype 
X-ALD Kindred's Phenotypes Reference 
#6, 7 and 9 CCALD, AMN, Addison 31 

#11 CCALD, AMN 31 

#1,4, 10, 12 and 14 CCALD 25,31,36 

# 2 . 3 , 5 , 8 , 13 and 15 AMN 25,31,36 

Listed are 15 independent X-ALD kindreds with the common ALD exon 5 dinucleotide deletion 
(1415delAG) and all the phenotypes observed in these kindreds are listed. This mutation results 
in frame shift (Fs E471), a premature termination signal and a lack of detectable ALDP. 

Table 4: Chromosomal Location of Human Peroxisomal ABC Half- transporters 
cDNA Chromosomal Location Reference 
ALD Xq28 68 
ALDR 12qll 18 
PMP70 lp21 69 
PMP69 (P70R) 14q24 19 

Genotype versus phenotype. X-ALD includes at least six distinct clinical 
phenotypes that are categorized on the basis of age of onset, rate of progression, 
and the site of initial pathology.1 As suggested by the observation that males in the 
same family can have different forms of X-ALD, mutation analysis has confirmed 
that phenotypic expression cannot be predicted on the basis of the genotype of the 
ALD gene. Indeed, all phenotypes are observed in patients that lack ALDP 
including those with identical dinucleotide deletions in exon 5.25'3236 This is 
illustrated in Table 3 where the phenotypes associated with the exon 5 dinucleotide 
deletion, which cause undetectable levels of ALDP, in 15 separate kindreds are 
listed. 

Evolutionary relationship among peroxisomal ABC half-transporters. 
By sequence comparison, the peroxisomal ABC half-transporters are a closely 
related subgroup of the ABC superfamily that presumably arose by recent gene 
duplication. However, they are located on different chromosomes as indicated in 
Table 4. We analyzed sequence relationships of ALDP and other proteins by 
comparison of protein and DNA sequences in GenBank and other databases using 
the BLAST programs. Proteins were aligned using the Pileup program of the GCG 
software package (Madison, WL). Fifteen proteins were identified including: four 
human proteins (ALDP, ALDRP, PMP70, and PMP69), two yeast proteins (PXA1 
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and PXA2), several closely related rodent orthologues and five C. elegans 
orthologs. The assignment of the two ALDP-related yeast proteins is consistent 
with the phylogenetic analysis of the 29-30 known ABC proteins encoded in the S. 
cerevisiae genome.49'50 While there are hundreds of known ABC transporter 
proteins, the 15 identified in this search are defined as a group by their relatively 
high amino acid identity and the failure of any other ABC transporter family 
member to match these proteins in a multiple sequence alignment under default gap 
penalty conditions. While several additional related proteins were identified in 
other species (rodents, nematodes, slime molds, insects and a marine red algae) by 
conceptual translation of expressed sequence tags (ESTs), no additional human 
ALDP-related proteins were identified in existing EST databases. 

To evaluate the evolutionary relationships among the fifteen ALDP-related 
proteins, phylogenetic trees were generated using the Phylogeny Analysis Using 
Parsimony program (PAUP version 4.0.0d64, kindly provided by Dr. David 
Swofford, Smithsonian Institution). The 15 proteins were aligned and phylogenetic 
trees were constructed by parsimony analysis. This technique is designed to 
identify inferred evolutionary protein lineages with the shortest possible branch 
lengths. Similar results were obtained with either heuristic or branch and bound 
search algorithms. The most parsimonious tree yielded a total branch length of 
3488 (Fig. 3). By contrast, when 10,000 trees were randomly generated from the 
same data set, the mean branch length was 4670 ± 166. The phylogenetic tree 
reveals three main clades (groupings of proteins sharing a common inferred 
evolutionary origin). The first clade consists of the ALDP and ALDR proteins. The 
nematode protein in this clade has 52% and 51% amino acid identity with human 
ALDR and ALDP, respectively. A second clade consists of PMP70 and yeast 
PXA2. The third clade contains human PMP69 and two related nematode proteins. 
Among the proteins analyzed, yeast PXA1 is most closely related to the PMP69 
clade, based on analysis of branch lengths. However, pairwise sequence 
comparisons of PXA1 to all other proteins reveals that PXA1 is most homologous 
to the four human and mouse ALDP/ALDR proteins (30% to 34% amino acid 
identity), while it shares only 26% identity with human PMP69. The different 
estimates of PXA1 homology to other proteins derives from the different 
algorithms used in pairwise comparisons and the multiple protein alignments used 
to generate the tree. Thus, it is possible that yeast PXA1 is not orthologous to the 
ALDP/ALDR and thus yeast may lack a true ortholog of ALDP. Functional data on 
PXA1 and these other proteins will be required to resolve the issue of their 
evolutionary relatedness. 
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Figure 3. Phylogenetic tree. Evolutionary relationships among the 15 proteins in this tree were 
inferred from multiple sequences alignments using the Phylogeny Analysis Using Parsimony 
program (PAUP version 4.0.0d64). The most parsimonious path for the evolution of this protein 
family (shortest total branch length) is shown. Hs, Homo sapiens; Rn, Rattus norvegicus; Mm, 
Mus musculus; Ce, Caenorhabditis elegans; Se, Saccharomyces cerevisiae. 

The robustness of the tree was evaluated by bootstrap analysis, a measure of 
statistical significance. Starting with the initial data set comprised of multiple 
sequence alignments for the 15 proteins, 100 bootstrap replicates were generated to 
create a consensus tree. In 100% of cases, the PMP69 group was intact as was the 
ALDP/ALDR clade (exclusive of yeast PXA1). In 78% of the cases, the PMP70 
protein clade included yeast PXA2. Thus, each of the yeast proteins is relatively 
divergent from its putative ortholog but the overall topology of the tree is supported 
by bootstrap analysis. A prediction based on this tree is that additional mammalian 
PMP70 and PMP69 genes may exist that correspond to the multiple nematode 
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sequences identified in these groups. Searches of human and murine EST databases 
have so far failed to identify such homologs. 
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Figure 4. ALD autosomal pseudogenes. (A) ÂLD exon 7 was amplified by PCR from total 
genomic DNA isolated from human, mouse or the mouse/human somatic hybrid cell, AHAlla, and 
analyzed by SSCP as previously described.^1 h = human, m = mouse. (B) Genomic DNA from a 
rodent/human somatic hybrid cell human monochromosomal mapping panel was amplified by 
PCR using PCR primers derived from exons 9 and 10 of the ALD gene. PCR primers and PCR 
conditions were as previously described. (C) Southern blot analysis of mouse and primate 
genomic DNAs digested with Hind III and probed with a partial ALD cDNA clone (exons 2-10). 

Non-processed, non-transcribed autosomal ALD pseudogenes. In addition 
to the functional peroxisomal ABC half-transporters, there are several autosomal 
pseudogenes on different chromosomes. These are comprised of approximately 9.7 
kb of the ALD gene that encompasses exons 7-10.31'51 Sequence comparison shows 
92-96% nucleotide identity among the ALD autosomal pseudogenes. PCR 
amplification of genomic DNA with PCR primers specific for exon 7 yields a 
single DNA fragment when assayed by agarose gel electrophoresis (Fig. 4A). 
Analysis of the same genomic PCR fragment by single strand conformation 
polymorphism analysis (SSCP) reveals several distinct bands indicating that more 
than one sequence is contained in the exon 7 PCR amplicon. SSCP analysis of a 
mouse/human somatic cell hybrid in which the only human chromosome is the X 
allows discrimination of the X-chromosome and autosomal conformers. No 
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prominent PCR fragment is amplified from mouse genomic DNA. PCR analysis of 
a human monochromosomal mapping panel with exon 9/10 PCR primers identifies 
chromosomes 1, 2, 20, 22, and possibly 16 as containing ALD pseudogenes (Fig. 
4B). 

Table 5: FISH Localization of ALD Autosomal Pseudogenes 
Chromosomal Location Number of signals in 45 metaphase spreads 
2pl l 84 
lOpll 21 
16pl1 40 
20ptel 4 
22qll 26 

DNA isolated from six autosomal genomic clones (12-15-kb) was prepared for FISH analysis and 
hybridized as described in the legend to figure 5, except that human Cot-1 DNA was used for 
prehybridization. Metaphase spreads were prepared from peripheral blood lymphocytes.70 

Hybridization signals were scored from 45 metaphase spreads and the data were pooled. 

Fluorescence In Situ Hybridization (FISH) analysis using cloned genomic 
fragments of the autosomal pseudogenes identified homologous sequences at 2pll , 
lOpll, 16pll, 20ptel, and 22qll (Table 5). Previous studies by Eichler et al. 
localized ALD pseudogenes to 2pl l , lOpll, 16pll and 22qll.51 Even though 
strong PCR reactions were supported by chromosomes 1 and 20, FISH analysis 
detected ALD homologs rarely on chromosome 20 and never on chromosome 1. 
Thus, these locations may have more divergent homologs representing an earlier 
duplication. Southern blot analysis of mouse and primate genomic DNA with a 
partial cDNA probe (exons 2-10) indicated that there may have been two 
expansions of this ALD gene segment in higher primates (Fig. 4C). The single 
restriction fragment detected in mouse genomic DNA has been confirmed to be on 
the X-chromosome by segregation analysis and by FISH analysis (Fig. 5).52 The 
ALD signal indicated by the arrow localizes to band B of the mouse X-chromosome 
which is homologous to human Xq28. The single restriction fragment observed in 
old-world monkeys (Rhesus) is presumably also on the X-chromosome. An initial 
expansion appears to have occurred on the evolutionary line leading to Orangutans 
and a subsequent or independent expansion in the great apes (Gorilla, Chimpanzee 
and Human). As pointed out earlier this rare example of non-processed 
pseudogenes on several different chromosomes complicates mutation analysis,31'32 

and illustrates pericentromeric plasticity of non-homologous interchromosomal 
exchange.51 
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Figure 5. Localization of ALD gene to the mouse X-
chromosome. Fluorescence in situ hybridization 
(FISH) to metaphase spreads from a male mouse 
embryonic stem cell line, ES-J1, was performed as 
described.' Chromosome spreads containing 40 
chromosomes were examined after hybridization with a 
biotin labeled 6.2 kb Hind III fragment of genomic 
DNA from the cloned mouse ALD gene. Clear 
hybridization was seen on the X-chromosome and no 
consistent signals were seen on any other chromosome 
in 20 spreads analyzed. The arrow points to the 
localization of signal at band b of the mouse X-
chromosome that is homologous to human Xq28, the 
human site of the ALD gene. 

Interactions among peroxisomal ABC half-transporters. By comparison 
to known ABC half-transporter proteins, it has been suggested that ALDP may 
function as a homodimer and/or as a heterodimer with one or more of the three 
other peroxisomal ABC transporters.53'54 Other ABC half-transporters, including 
the histocompatibility complex proteins, TAPI and TAP 2, and the yeast 
peroxisomal ABC half-transporters, PXA1 and PXA2 (PAT1 and PAT2), form 
heterodimers to generate a functional transporter.55'56 In order to test this notion, an 
in vitro co-immunoprecipitation assay was developed. In this assay, radiolabeled 
ALDP was generated from its cDNA by in vitro transcription and translation. 
Unlabeled peroxisomal ABC half-transporter proteins, ALDP, ALDRP and 
PMP70, with a c-myc epitope at their C-termini were produced by in vitro 
transcription and translation in separate reactions. Equal amounts of radiolabeled 
ALDP without a c-myc epitope and unlabeled protein containing a c-myc epitope 
were mixed in the presence of ATP and then immunoprecipitated with anti-c-myc 
antibody agarose conjugate. Co-immunoprecipitation was deduced from the 
presence of radiolabeled ALDP with the unlabeled c-myc tagged protein 
immunoprecipitate. As seen in Fig. 6, ALDP homodimers and heterodimers of 
ALDP with both ALDRP and PMP70 are demonstrated by this assay. Although it is 
clear that ALDP has some role in the VLCFA ß-oxidation pathway, the function of 
ALDP and the other peroxisomal ABC half-transporters is as yet unknown. That 
these proteins may have related functions is indicated by the observation that 
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overexpression of ALDP, PMP70 and ALDRP can restore VLCFA ß-oxidation in 
fibroblasts from X-ALD patients (Table 6). 
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Figure 6. Co-immunoprecipitation of peroxisomal ABC half-transporters. Unlabeled 
peroxisomal ABC half-transporter proteins with a c-myc epitope at their C-termini were 
generated by coupled in vitro transcription/translation (TNT, Promega) from their respective 
cDNAs. Radiolabeled ALDP (f5 S]-methionine) without a c-myc epitope was generated 
independently by in vitro transcription/translation of its cDNA. Equal volumes of labeled ALDP 
and unlabeled c-myc tagged proteins were incubated together with protease inhibitors and ATP. 
The mixture was added to a c-myc agarose conjugate (Santa Cruz) to immunoprecipitate the 
unlabeled, epitope tagged ABC half-transporter protein. The agarose conjugate was washed and 
the immunoprecipitatedproteins were fractionated by SDS-PAGE, transferred to nitrocellulose 
membranes and protein-protein interactions judged by the presence of radiolabeled ABC half-
transporter bands following phosphorimagery. Non-specific aggregation of the radiolabeled 
protein with the agarose conjugate was determined by substitution of a non-c-myc tagged 
unlabeled protein for the c-myc tagged protein. Phosphorimager analysis was performed with a 
Fuji BAS2500 Phosphorimager using a high resolution screen. 

We know that ALDP is required for normal peroxisomal VLCFA activation 
and ß-oxidation and that expression of ALDP cDNA restores VLCFA ß-oxidation 
in cells lacking the protein. Although ALDP is a peroxisomal membrane protein, it 
is not required for peroxisome assembly. ALDP is differentially expressed at the 
cellular level, so that not all normal peroxisomes have ALDP and peroxisomes 
from X-ALD cells are normal except for VLCFA ß-oxidation. While the precise 
role of ALDP in peroxisome metabolism is unknown, its identification as a member 
of the ABC transporter superfamily suggests that it might transport VLCFAs (the 
substrate for ß-oxidation), VLCFA-CoA, CoA, ATP or other required metabolites 
into the peroxisome; Mosser and coworkers speculated that ALDP might 
translocate VLCS itself into the peroxisome.8 However, by analogy to other ABC 
transporter proteins,58"63 the relationship between ALDP and VLCFA metabolism 
may be indirect. ALDP could function as an anchor or platform for VLCS in the 
peroxisomal membrane or interact with other proteins or transporters in a 
regulatory role. Thus, it is possible that association and dissociation of ALDP as a 
homodimer or heterodimer in a cell type specific manner might reflect different or 
changing metabolic states. 
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Table 6: Peroxisomal ABC Half-transporter Complementation of X-ALD fibroblasts. 
cDNA C24:0 ß-oxidation number of assays 
Vector alone 0.052 ± 0.004 6 
PMP70 0.18 1 
ALDP 0.22 ± 0.04 5 
ALDRP 0.23 ± 0.06 4 
Transformed normal fibroblasts 0.26 ±0.02 5 

SV40 T antigen-transformed fibroblasts from an X-ALD patient were transfected with vector 
alone (pcDNA3) or with vector containing cDNA for PMP70, ALDP or ALDRP. Transfection 
was performed as previously described. The rates of C24:0 ß-oxidation observed in the 
transfected cells were corrected for the fraction of the cells expressing the transgene, as 
determined by LMF staining. The adjusted rates are compared to the rate determined in SV40 T 
antigen transformed normal fibroblasts. The indicated values are the mean and standard 
deviation. 

Very long-chain acyl-CoA synthetase. As noted above, all X-ALD patients 
examined in detail have mutations in the ALD gene, which encodes a peroxisomal 
membrane protein. Paradoxically, the biochemical defect in X-ALD is the failure of 
peroxisomes to activate VLCFAs to their CoA derivatives, a reaction catalyzed by 
VLCS and not ALDP. Experimental evidence suggests that ALDP and VLCS 
interact functionally and perhaps physically. Recently, VLCS protein was purified 
from rat liver peroxisomes9 and VLCS cDNA cloned.1' Subsequently, we cloned 
yeast VLCS,64 as well as human78 and mouse (S. Kemp et ai, genebank AF033031) 
VLCS. Both mouse and human VLCS are expressed primarily in liver and kidney 
with low levels of expression detected in brain, heart and adrenal gland (S. 
Steinberg, S. Kemp, J-F. Lu, A. Heinzer and P. A. Watkins, unpublished 
observations). The observation that expression of this VLCS is not detected in all 
cells that degrade VLCFAs by ß-oxidation suggests that there must be additional 
VLCS genes. For example, mouse fibroblasts have no detectable VLCS protein or 
mPvNA, however yet actively degrade VLCFAs, a reaction that requires VLCS 
activity. Fibroblasts from the X-ALD mouse, recently generated in our laboratory,52 

have a marked reduction in the level of VLCFA ß-oxidation accompanied by an 
increase in VLCFA abundance (Table 7). Thus, there appears to be an ALDP 
dependent VLCS activity in mouse fibroblasts that is not due to the protein 
identified as mouse VLCS. In order to initiate examination of the relationship of 
mouse VLCS and ALDP, mouse VLCS cDNA was expressed in fibroblasts from 
the X-ALD mouse which lack ALDP. Surprisingly, mouse VLCS restored VLCFA 
ß-oxidation in these cells to the same extent as did expression of human ALDP 
cDNA (Table 8). Thus, the activity of this cloned mouse VLCS appears to be 
independent of ALDP and it may contribute to tissue variability of VLCFA ß-
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oxidation activity and VLCFA levels in different cell types depending on its 
differential expression in specific cell types. 

Table 7: VLCFA Metabolism in Mouse Fibroblasts. 
A. ß-oxidation C24:0 C24:0/C16:0 

nmol/hr/mg protein Ratio 
Normal (n=3) 0.99 ±0.15 0.26 ± 0.04 
X-ALD (n=4) 0.37 ±0.03 0.09 ±0.02 

B. VLCFA concentration C26:0 C26:0/C22:0 
mg/ma protein Ratio 

Normal (n=3) 0.06 ±0.01 0.06 ±0.03 
X-ALD (n=5) 0.27 ±0.11 0.35 ±0.18 

(A) C24:0 ß-oxidation. Normal and X-ALD mouse fibroblasts were grown, harvested and 
assayed as described previously. ' (B) VLCFA concentrations. Total lipids were extracted from 
cultured fibroblasts and fatty acids were separated according to chain length and quantitated by 
Capillary Gas Chromatography as described previously. 

Table 8: Complementation of C24:0 ß-Oxidation in Fibroblasts from X-ALD Mice. 
cDNA construct n C24:0 ß-oxidation (nmol/hr/mg protein) 
none 5 0.13 ±0.01 
pcDNA3 3 0.13 ±0.06 
human ALDP 5 0.89 ±0.18 
mouse VLCS 5 0.81 ±0.16 
Normal mouse fibroblasts 3 0.99 ± 0.15  

Fibroblasts from an X-ALD mouse were transfected with the indicated cDNA constructs as 
previously described. C24:0 ß-oxidation specific activity (SA) was determined, and corrected 
for the fraction of cells expressing the transgene, as determined by LMF staining. The indicated 
values are mean and standard deviation. 

Genetic modification of X-ALD clinical presentation. As cited above, 
several studies have established that there is no correlation of X-ALD mutations 
and the marked variability of X-ALD clinical presentation. Indeed, null mutations 
are associated with all forms of X-ALD from the most severe to the mildest 
phenotype (Table 2). The source of variable X-ALD phenotypes could be 
environmental, genetic or both. Genetic segregation analyses provide support for 
the hypothesis that at least one autosomal gene plays a role in the manifestation of 
characteristics that derive in the first instance from mutations in the ALD gene. 
The genes for the proteins described in this report are candidates for such modifier 
effects. In addition to ALDP, at least two of the peroxisomal half-transporters, 
ALDRP and PMP70, as well as VLCS, are able to correct the metabolic defect in 
cells that lack ALDP. Most surprising is the demonstration of at least two VLCS 
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activities, one of which appears to be independent of the presence of ALDP. While 
it has been clearly demonstrated that there is no correlation between the plasma 
level of VLCFAs and the clinical phenotype of X-ALD,1 relevant measurements in 
X-ALD target tissues, the cerebral cortex and the adrenal gland, are not available. It 
is clear from studies of VLCFA levels in various tissues of the X-ALD mouse 
model that there are marked differences in the accumulation of VLCFAs.52 Data 
discussed in this report demonstrate that the peroxisomal half-transporters and 
VLCS are expressed in a tissue specific manner. Higher expression of one or more 
of these genes could lead to variable levels of VLCFAs in the affected cell types in 
X-ALD leading to variable phenotypic outcomes. Studies to examine such a 
correlation are currently in progress. 
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