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Abstract 

X-linked adrenoleukodystrophy (X-ALD) has been associated with mutations in the 
gene encoding an ATP-binding transporter, which is located in the peroxisomal 
membrane. Deficiency of the gene product leads to impaired peroxisomal ß-
oxidation. Systemic analyses of the open reading frame of the ALD gene, using 
reverse transcriptase-PCR, followed by direct sequencing, revealed mutations in all 
28 unrelated X-ALD kindreds analyzed. No entire gene deletions or promoter 
mutations were detected. In only one kindred, the mutation involve multiple exons. 
The other mutations were small alterations leading to missense (13) or nonsense (4) 
mutations, single amino acid deletions (1), frame shifts (8), or splice acceptor site 
defects (2). Mutations affecting a single amino acid were concentrated in the region 
between the third and fourth putative transmembrane domains and the ATP-binding 
domain. Mutations were detected in all X-ALD kindreds investigated, suggesting 
that the ALD gene is the only gene responsible for X-ALD. This overview of 
mutations is useful in the determination of structurally and functionally important 
regions in ALDP and it provides an efficient screening strategy for the 
identification of mutations in the ALD gene. 

Introduction 

X-linked adrenoleukodystrophy (X-ALD) is a peroxisomal disorder characterized 
by impaired peroxisomal ß-oxidation of saturated very long-chain fatty acids 
(VLCFA), which probably is a consequence of reduced activation of VLCFAs. 
This results in demyelination of the nervous system and adrenocortical 
insufficiency. The phenotypic expression of X-ALD is highly variable. The two 
most frequent phenotypes are childhood cerebral ALD (CCALD) and 
adrenomyeloneuropathy (AMN), less frequently patients only have adrenocortical 
insufficiency (Addison-only). All male X-ALD patients and approximately 85% of 
carriers have an elevated level of VLCFAs in plasma and fibroblasts, making the 
diagnosis of X-ALD relatively straightforward (for review see Moser and Moser).1 

Recently, a gene responsible for X-ALD was identified using positional 
cloning strategies.2 The ALD gene is located on Xq28, closely linked to the color-
vision genes. The ALD gene encodes a protein (ALDP) which belongs to the ATP-
binding cassette (ABC) superfamily of transporter proteins. ALDP contains six 
putative membrane-spanning regions and one ATP-binding domain." It shows 30% 
identity with the 70 kDa peroxisomal membrane protein PMP70,J which also 
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belongs to the ABC transporter superfamily. Monoclonal antibodies raised against 
ALDP showed that the protein is located in the peroxisomal membrane. ' This 
suggests that ALDP has a function in the active transport of enzymes, cofactors 
and/or substrates involved in ß-oxidation of VLCFAs over the peroxisomal 
membrane. Intragenic deletions were initially detected in 6% of the unrelated X-
ALD patients analyzed.2 Two point mutations, one missense and one nonsense, 
have been described more recently.6'7 Moreover, ALDP could not be detected in 
lymphoblast and fibroblast cell lines of several X-ALD patients. ' 

We report the first systematic analysis of X-ALD mutations over the entire 
open reading frame in a large group of Dutch patients. We identified mutations in 
all 28 independent X-ALD kindreds studied. This overview of ALD mutations gives 
more insight into the structurally and functionally important regions of ALDP and 
facilitates the design of a strategy for the identification of mutations in other X-
ALD kindreds. 

Material and Methods 

Oligonucleotide primers: For nomenclature of the primers the positions of the 5' end of the 
oligonucleotides are indicated followed by 'F ' for forward, or 'R' for reverse primers. Positions 
refer to those given by Mosser et al. (EMBL database Z21876, with ATG = +1).2 Primers 
followed by an asterisk are located in introns and the numbers refer to their position in a partial 
genomic DNA sequence encompassing part of intron 7 through exon 10. For a schematic 
presentation of the primer positions see Fig. 1. 

Cell lines, RNA isolation, RT-PCR and sequencing: Fibroblast cell lines were derived from 25 
male patients and three carriers, who were diagnosed on the basis of clinical findings and 
elevated levels of VLCFA in plasma or fibroblasts. The cell lines were cultured in Dulbecco's 
modified Eagle medium supplemented with 10% fetal calf serum and 50 \xg gentamycin/ml or 50 
U penicillin/ml and 50 U streptomycin/ml. Cells were harvested with trypsin and washed twice in 
ice-cold PBS. RNA was isolated using either guanidinium isothiocyanate, as described 
elsewhere,9 or RNAzol (Biotecx) according to the protocol supplied by the manufacturer. Reverse 
transcription was performed with random primers, using Maloney murine leukemia virus reverse 
transcriptase (Gibco BRL). The ALD cDNA was amplified as five overlapping PCR fragments 
(see Fig 1 and Table 1). When two subsequent PCR reactions were used (nested PCR) 5 yd of the 
first reaction was transferred to the second reaction, making an end volume of 100 u l PCR 
reactions of fragment 1 were performed in 10 mM Tris.CI (pH 8.4), 2.25 mM MgCl2, 50 m M 
NaCl, 0.01% gelatin, 0.1% Triton X-100, 10% dimethylsulfoxide (DMSO), 0.2 u.g BSA/|il, 0.65 
mM of each dNTP, 1 ng forward and reverse primer/ ul, and 0.05 U AmpliTaq DNA polymerase/ 
ui (Perkin-Elmer). For PCR fragments 2 and 5, 67 mM Tris.Cl (pH 8.8), 6.7 mM MgCl2, 16.6 
mM (NH4)2S04, 10 mM ß-mercapto-ethanol, 10% DMSO, 0.2 ng BSA/^1, 0.65 mM of each 
dNTP, 1 ng forward and reverse primer/ u,l, and 0.05 U AmpliTaq DNA polymerase/ ul were 
used. PCR was performed for 30 cycles (1 min at 93°C, 1.5 min at 55°C and 2 mm at 72°C for 
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fragment 1; 1 min at 93°C, 1.5 min at 59°C and 2 min at 72°C for fragments 2 and 5). PCR 
reactions of fragments 3 and 4 were performed as described by Kemp et al. Free primers and 
nucleotides were removed either by gelelectrophoresis, DNA extraction and precipitation or with 
the QIAquick-spin PCR purification kit (Qiagen). 

Sequencing of fragments 1, 2 and 5 was performed with the Taq DyeDeoxy terminator 
cycle sequencing kit (Applied Biosystems and Perkin-Elmer) using primers indicated in Fig 1 and 
Table 1, according to the protocol supplied by the manufacturer. The sequence reactions were run 
and analyzed using an automatic sequencer (ABI 373 A). Sequencing and analyses of fragments 3 
and 4 were performed as described by Kemp et al. 
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Figure 1. Schematic representation of primer positions. The box represents the open reading 
frame of the ALD mRNA. The lines before and after the box represent the 5 ' and 3 ' UTR. Lines 7, 
8 and 9 represent introns in which primers were chosen to confirm the mutations on genomic 
DNA (not on scale). Lines I to V represent the five overlapping PCR fragments that cover the 
entire ALD open reading frame. Black triangles represent PCR primers and open triangles 
represent sequence primers. Primers depicted in the intron sequences and below the cDNA box 
were used for the confirmation of mutations on genomic DNA. Triangles pointing right indicate 
forward and those pointing left indicate reverse primers. 

Confirmation of mutations on genomic DNA: Chromosomal DNA was isolated from EDTA 
anticoagulated blood samples or fibroblasts as described or with the salt-extraction method.9,10 
100 ng of genomic DNA was used in a 100 ul PCR reaction with oligonucleotide primers located 
on either side of the mutation (see Table 2). Amplification with primers -83F and 435R was 
performed as described above for cDNA fragment 1. For primer combinations 1093F-1745R and 
1395F-1745R conditions were used as described before. The remaining PCR reactions were 
performed as described for cDNA fragments 2 and 4. Two mutations were confirmed by Hpa II 
digestion (659T>C and 543C>A). A mutation in exon 5 was confirmed by analysis of a 
radiolabeled PCR product on a Polyacrylamide gel (1415delAG). Others were confirmed by 
direct sequencing of the PCR product generated from genomic DNA. Nested PCR was used to 
minimize amplification of DNA fragments that are highly homologous to the ALD gene but are 
located outside Xq28. For the first PCR, 0.1 ng DNA / ul was amplified in a 10 cycle PCR 
reaction. Subsequently, 5 uJ PCR sample was transferred to the second PCR reaction with a final 
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volume of 100 jxl. For all sequence reactions covering the exons 
temperature was increased to 60°C. 

to 10 the annealing 

Table 1: Primers used for PCR and sequencing of ALD cDNA 
First PCR nested PCR Forward Reverse 

cDN A fragment " sequencing sequencing 

Fragment I 
Fragment II 
Fragment III 

Fragment IV 
Fragment V 

-83F and 454R 
299Fand 1023R 
914F and 1630R 

1484Fandl980R 
1484F and 2300R 

-83F and 435R 
316Fand998R 
not done 

not done 
1504Fand2283R 

-83F, 190F 
316F,528F 
914F,1093F 
1295F,1395F 
1494F,1675F 
1675F,1926F 
2141F 

207R, 454R 
545R, 759R, 998R 
1156R, 1366R, 1475R 
1589R 
1808R, 1818R 
2092R, 2283R 

a Five overlapping PCR fragments covering the entire open reading frame of the ALD cDNA. 

Results 

Detection of mutations 

Mutations in the ALD gene were analyzed in one affected person from each of the 
28 kindreds by sequencing the entire ALD cDNA. cDNA was derived from 
fibroblasts from male patients, in case material from male patients was not 
available fibroblasts from confirmed carriers were used. Overlapping PCR 
fragments covering the entire open reading frame were sequenced on both strands 
(for primers see Fig 1 and Table 1). Only when a mutation resulting in a truncated 
protein product was detected and confirmed on genomic DNA (see below) 
sequencing of the entire open reading frame not completed. 

Fragments representing ALD mRNA were obtained in all fibroblast cell lines. 
However, PCR reactions were not performed in the linear range of amplification 
and since this method of detection is able to detect even very low amounts of ALD 
mRNA the level of transcription of the ALD gene cannot be judged. Therefore, this 
method enabled us merely to detect qualitative alterations or complete absence of 
the ALD mRNA. 

In all kindreds, a mutation in the ALD gene was detected. We identified 24 
different mutations. No indication for more than one mutation per kindred was 
obtained. An overview of all mutations is given in Table 2 and Fig 2. Mutations are 
ordered 5' to 3' , in five different classes: missense mutations (13), amino acid 
deletion (1), nonsense mutations (4), frame shifts caused be deletion of 1 or more 
nucleotides (8) and splice mutations (2). 
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Table 2: Mutations identified in 28 Dutch X-ALD kindreds 
Genomic Kindred 
Amino acid Mutation Reference 

Mutation3 Alterationb Exon' Detection11 Phenotvpe0 Number 
Missense: 
3 1 0 O T f R104C (R) -83F, 435R AMN ALD#17 
4 4 6 0 A S149N(N) 316F,545R AMN ALD#8 
455G>C R152P(K) 316F,545R CCALD ALD#27 
488G>Af,g R163H(R) 316F, 545R Sympt Carrier ALD#14 
580G>C D194H (D) 528F, 759R CCALD ALD#12 
659T>C L220P(L) HpaU AMN ALD#7 
796G>A' G266R (G) 528F, 1231R AMN ALD#24 
1166G>Af R389H (R) 3 1093F,1366R AMN ALD#20 
1825G>Af(2x) E609K (E) 8 544F*,876R* AMN ALD#13,18 
1826A>G E609G(E) 8 544F*,876R* CCALD ALD#5 
1849C>Tf R617C(R) 8 544F*,876R* CCALD ALD#23 
1978C>Tf R660W (R) 9 1926F,1078R* AMN ALD#21 
Amino acid deletion: 
1969-71 I657del 9 1926F,1078R* CCALD ALD#6 
Nonsense: 
3 9 7 0 T ' Q133X 1 316F,545R CCALD ALD#26 
411G>A W137X 1 316F,545R CCALD ALD#10 
4 6 9 0 T Q157X 1 316F,545R AMN ALD#9 
5 4 3 0 A Y180X 1 HpaU CCALD ALD#15 
Frame shift: 
56delC FsA19 1 -83F, 207R CCALD ALD#2 
277delC FsG92 1 -83F, 435R CCALD ALD#22 
785del7nt Fs261 1 528F, 1231R CCALD ALD#28 
1415delAG(4x) FsE471 5 SDS PAGE CCALD, AMN ALD#3,4, 

16&25 
1603-199 lalt Fs P534 6-9 1504F, 1078R* AMN ALD#11 
Splice defect: 
ivsl635-2a>g Fs R545 SA 7 1494F,2114R CCALD ALD#1 
ivsl866-10g>af Fs R622 SA 9 849F*. 1078R* AMN ALD#19 

(A) Nucleotide numbers refer to Mosser et al.,2 EMBL database Z21876 (ATG = +1). (B) In case 
of a frame shift or splice defect the last wild type amino acid is indicated. The corresponding 
amino acid residue in the human PMP70 protein is indicated in parenthesis. (C) SA = splice 
acceptor site (for details see reference 16). (D) Numbers indicate primers used for sequencing 
(see legend Fig 1 for details). Hpa II, mutation confirmed by restriction enzyme analysis. 
Polyacrylamide gel SDS PAGE), mutation detected by difference in length (see reference 9 for 
details). (E) Phenotype of the index patient in this family: CCALD is childhoodcerebral ALD and 
AMN is adrenomyeloneuropathy. (F) Mutations that might be the result of deaminination of 
methylated CpG. (G) Mutation detected in a heterozygote, no male patient material was 
available. Primers marked with an asterisk are located in introns. 

Apart from these mutations, a G/A polymorphism at nucleotide position 
1548 (no amino acid change) and a C/G polymorphism at position 2246 

42 



Spectrum of Mutations in the X-ALD sene 

(downstream of the stop codon) were observed (see also reference 9). In all ALD 
cDNAs sequenced the C at nucleotide position 368 was replaced by a T which 
results in an alanine to a valine change at amino acid position 123. 

Confirmation of mutations on genomic DNA 
All mutations were confirmed by analysis of PCR products derived from genomic 
DNA derived from the patient's fibroblasts or from an affected family member, 
using the information about the intron-exon organization of the ALD gene. 
Mutations 5 4 3 0 A and 659T>C were confirmed by Hpa II restriction enzyme 
digestion of a genomic PCR product. The mutation 5 4 3 0 A disrupts a Hpa II 
recognition site. Complete digestion was monitored by using a PCR fragment 
containing an additional Hpa II site (primers 316F and 759R). The mutation 
659T>C introduced a novel Hpa II site, which was confirmed using a comparable 
PCR fragment (primers 528F and 759R). The two base pair deletion at position 
1415-1416 was confirmed by analysis of radiolabeled PCR products overlapping 
the deletion site on a Polyacrylamide gel, according to the method described by 
Kemp et al9 The remaining mutations were confirmed by direct sequencing of a 
genomic PCR product, using primer the combinations indicated in Table 2. 

For the kindreds carrying the missense mutations 488G>A and 1849C>T, 
and for one of the kindreds with a dinucleotide deletion 1415delAG, the cDNA 
fragments were derived from fibroblasts derived from female carriers, because no 
DNA or cell lines were available from male patients. It was established that these 
mutations were present in the affected alleles only by comparison of genomic DNA 
from mothers (carriers on the basis of elevated levels of VLCFAs) and unaffected 
sisters. The mutation 4 8 8 0 A could not be confirmed because no material was 
available from additional family members. All other mutations were detected and 
confirmed in male patient material. 

Mutations located in exon 8, intron 8 and exon 9 were difficult to confirm in 
genomic PCR products, because of co-amplification of highly homologous 
sequences derived from unknown regions outside Xq28 (see also reference 8). To 
minimize co-amplification of aspecific DNA fragments ALD gene specific primers 
were designed. A PCR with a forward primer located in intron 7 and a reverse 
primer located in the 3 ' UTR was performed on human control DNA and DNA 
derived from a somatic cell hybrid containing Xq28 as the only source of human 
DNA. Comparison of both sequences revealed nucleotide differences between the 
ALD specific DNA sequence and the homologous sequences outside Xq28. This 
information was used to design ALD gene specific primers. These primers were 
used under stringent conditions, which resulted in enrichment of ALD specific PCR 
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fragments. Although amplification of the other genomic DNA fragments could not 
be avoided completely, the enrichment of ALD gene specific PCR product enabled 
us to confirm the mutations on genomic DNA. 

The most drastic alteration of the gene structure identified resulted in a frame 
shift at amino acid position Pro534. In the cDNA of this patient the region between 
nucleotides 1602 (exon 6) and 1992 (start of exon 10) was absent. Interestingly, 88 
nucleotides of unknown origin were inserted. Analysis of the mutation at the 
genomic level revealed that the region between nucleotides 1602 (cDNA position) 
in exon 6 and 1992 (cDNA position) in exon 9 was replaced by a segment of 
approximately 574 nucleotides. This genomic fragment apparently harbors a cryptic 
splice donor site 89 nucleotides downstream of nucleotide 1602. Further analysis 
revealed that the 574 nucleotide fragment is an internal part of intron 7, which is 
approximately 2 kb in size.8 

Discussion 

We have detected a mutation in the coding region of the ALD gene in all 28 X-ALD 
kindreds investigated. No indications for promoter mutations were obtained, as 
ALD mPvNA could be detected in all patients. A single partial (and complex) 
deletion involving multiple exons was observed, which is in agreement with the 
low frequency (6%) of this type of mutation as reported by Mosser and coworkers.2 

Deletions of the entire ALD gene has not been reported to date. 
Based on sequence homology with other known ABC transporters, ALDP 

shows all characteristics of an ABC transporter, however, with only a single 
domain containing six putative membrane-spanning segments and one ATP-
binding domain. The functional entity of a typical ABC transporter consists of two 
sets of these domains. Some transporters, like MDR1 P-glycoprotein and the cystic 
fibrosis protein (CFTR) are encoded as by a single gene as a full transporter, 
containing two transmembrane segments and two ATP-binding domains. Other 
ABC transporters are formed by dimerization of two half-transporters, like the 
peptide transporter, which is encoded by two closely linked genes located on 
chromosome 6 (for review see reference 11). The structure of ALDP is analogous 
to that of a half-transporter. This suggests that ALDP probably functions either as a 
homodimer or as a heterodimer with a homologous protein, like PMP70. Mutations 
affecting this putative partner would most likely also lead to an X-ALD phenotype. 
We can now practically exclude the presence of such a putative gene on the X-
chromosome, as we have identified mutations in the ALD gene in all kindreds 
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tested. Formally, we can not exclude the possibility that mutations in an autosomal 
gene encoding a presumed partner of ALDP are responsible for X-ALD in some 
rare patients. It has been proposed that PMP70 might be such a partner. 

1 
2 3 4 

HH 1 I I I I 1 
2 3 4 

HH 
1 

1 
2 3 4 5 6 7 8 9 10 

Missense 

AA deletion 

Nonsense 

Frame shift 

( J Spice defect 

Figure 2. Distribution of mutations in the ALD gene. The 10 exons are represented by the boxes, 
the lines between the boxes represent introns (not on scale) and the lines before exon 1 and after 
exon 10 the 5'UTR and 3'UTR. Hatched boxes represent the six putative transmembrane 
segments and crosshatched boxes represent the ATP-binding domain. Each vertical bar 
represents the location of a mutation identified in this study. The arrows represent splice site 
mutations. 

In 14 out of 28 (50%) kindreds the mutation affected a single amino acid 
residue. Since no direct functional assay is available definitive proof is lacking that 
these missense mutations cause X-ALD. However, it is unlikely that these 
alterations are merely polymorphisms since in all cases only one mutation was 
detected, which was different in 13 out of 14 kindreds. None of these alterations 
were detected in kindreds with a mutation resulting in a truncated protein. 
Moreover, although ALDP and PMP70 share only 30% amino acid identity 10 of 
the 13 non-recurrent mutations affect amino acids conserved between both proteins, 
and two mutations affect residues with very conservative changes between ALDP 
and PMP70 (see Table 2). This suggests that the missense mutations indeed affect 
functionally or structurally important amino acid residues of ALDP. In the 
remaining mutation (S149N) the wild type PMP70 residue (Asn) replaces the wild 
type ALDP amino acid residue (Ser). By analogy with mutations detected in the 
cystic fibrosis transmembrane conductance regulator (CFTR) gene one might 
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expect to find a high frequency of mutations in the ATP-binding domain, especially 
in the two ATP-binding site motifs, Walker A and Walker B (for review see 
reference 13). However, we identified only 3 non-recurrent missense mutations 
affecting two different amino acid residues (E609K, E609G and R617C) in the 
ATP-binding site motifs. These amino acid residues are strongly conserved among 
different ABC transporters.2 Although, the missense mutation (R660W) and the 
deletion of an isoleucine at position 657 are located 30 and 27 amino acids 
downstream of Walker B they are situated within a strongly conserved region. 
Possibly, these latter two mutations affect the structure of the ATP-binding domain, 
resulting in diminished ATP binding or hydrolysis. A recent search for mutations in 
exons 6 and 8 that encode Walker A and B, respectively, in 50 French patients 
resulted in the identification of four missense mutations, including the R617C 
mutation also found by us. In our patients, the majority of missense mutations were 
found far upstream from the ATP-binding domain. Most missense mutations are 
located in exon 1 with a high concentration between the third and fourth putative 
transmembrane segments. This enrichment can only be partially attributed to the 
high CpG richness in this region (see Table 2). It is likely that these missense 
mutations affect ALDP function, which suggests that this region is important for 
function and/or structure of ALDP and possibly involved in substrate recognition or 
transport or in homo- or heterodimerization. 

Mutations leading to a truncated and possible unstable protein were detected 
in 50% of the kindreds. These truncations are caused by nonsense mutations, frame 
shifts, a deletion involving multiple exons or splice site mutations. In all cases, the 
predicted translation products are truncated upstream or within the ATP-binding 
domain, suggesting that the mutations result in complete absence of ALDP 
function. 

The majority of mutations were found only once in the kindreds investigated. 
Exceptions are one missense mutation in the ATP-binding domain (E609K), which 
was detected in two kindreds, and a dinucleotide deletion in exon 5 (Fs E471), 
which was observed in 4 of the 28 kindreds. Additional screening for this mutation, 
on genomic DNA only, in 10 unrelated Dutch kindreds resulted in the identification 
of one extra kindred with this mutation.9 The five kindreds with the dinucleotide 
deletion had different haplotypes in the ALD region, suggesting that this mutation 
originated independently in these kindreds. In the two kindreds with the E609K 
mutation the haplotype of the polymorphic markers close to the ALD gene was 
different (data not shown), making it likely that these mutations also resulted from 
two independent events. 
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The observed distribution of the mutations may be used to design a strategy 
for the detection of mutations in other X-ALD kindreds. Screening for mutations is 
the most reliable assay to establish the carrier status of females in X-ALD kindreds. 
This is especially important since approximately 10% of obligate carriers have 
normal VLCFA levels.1 We suggest starting with screening exon 5 for the presence 
of the dinucleotide deletion 1415delAG, followed by analysis of the large coding 
region of exon 1 in which mutations were found frequently (see Table 2 and Fig 2). 
This should result in the discovery of the majority of mutations (18 out of 28 in our 
series). The screening for the mutation in exon 5 can be performed on genomic 
DNA by using primers flanking the mutation and scoring for the size difference . 
Mutations in the first exon can be detected easily by analysis of genomic PCR 
products, e.g. by SSCP or direct sequencing. If no mutations are found the 
remaining exons should be tested with emphasis on exons 8 and 9. These exons are 
difficult to examine on genomic level, because of the presence of highly 
homologous sequences elsewhere in the genome and should therefore preferentially 
be investigated on the cDNA level.8 Therefore, collecting fibroblasts of patients is 
advisable especially when the mutation in the kindred has not yet been defined. 

Considerable phenotypic variation can be found within single X-ALD 
kindreds. This indicates that apart from the mutation in the ALD gene other genetic 
or environmental factors may modulate the phenotype. However, a correlation 
between genotype and phenotype may still exist: a certain type of X-ALD mutation 
may for instance be present in kindreds with AMN patients only. The identification 
of X-ALD mutations will allow further investigation of the relationship between 
genotype and phenotype. 

In conclusion, the systematic analysis of X-ALD mutations demonstrates that 
the identified ALD gene is most likely the only gene responsible for X-ALD on the 
X-chromosome, limiting mutation analysis to the analysis of only a single gene. 
Moreover, the distribution of mutations in the ALD gene suggests an efficient 
screening strategy, which is of special relevance for the identification of carriers in 
X-ALD kindreds. 
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