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Abstract Cerebrotendinous xanthomatosis (CTX) is a rare
autosomal recessive disorder of bile acid biosynthesis. Clini-
cally, CTX patients present with tendon xanthomas, juvenile
cataracts, and progressive neurological dysfunction and can
be diagnosed by the detection of elevated plasma cholestanol
levels. CTX is caused by mutations affecting the sterol
27-hydroxylase gene (CYP27). CTX has been identified in a
number of populations, but seems to have a higher preva-
lence in the Japanese, Sephardic Jewish, and Italian popula-
tions. We have assembled 12 previously unreported pedi-
grees from the United States. The CYP27 locus had been
previously mapped to chromosome 2q33-qter. We performed
linkage analyses and found no evidence of genetic heteroge-
neity. All CTX patients showed segregation with the CYP27lo-
cus, and haplotype analysis and recombinant events allowed
us to precisely map CYP27 to chromosome 2q35, between
markers D2S1371 and D25424. Twenty-three mutations were
identified from 13 probands analyzed thus far; 11 were com-
pound heterozygotes and 2 had homozygous mutations. Of
these, five are novel mutations [Trpl00Stop, Pro408Ser,
GIn428Stop, a 10-base pair (bp) deletion in exon 1, and a
2-bp deletion in exon 6 of the CYP27 gene].Hll Three-dimen-
sional structural modeling of sterol 27-hydroxylase showed
that, while the majority of the missense mutations disrupt the
heme-binding and adrenodoxin-binding domains critical for
enzyme activity, two missense mutations (Arg94Trp/Gln and
Lys226Arg) are clearly located outside these sites and may
identify a potential substrate-binding or other protein contact
site.—Lee, M-H., S. Hazard, J. D. Carpten, S.Yj, J. Cohen, G.T.
Gerhardt, G. Salen, and S. B. Patel. Fine-mapping, mutation
analyses, and structural mapping of cerebrotendinous xantho-
matosis in U.S. pedigrees. J. Lipid Res. 2001. 42: 159-169.
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The conversion of cholesterol into bile acids by the liver
represents the major mechanism for the removal of cho-

lesterol from the body (1). In the biosynthesis of bile
acids, involving microsomal, mitochondrial, and peroxiso-
mal compartments, enzymes modify both the ring struc-
ture and the side chain of cholesterol by oxidation, result-
ing in the formation of the primary bile acids, cholic acid
and chenodeoxycholic acid (1).

Sterol 27-hydroxylase (EC 1.14.13.15) is a member of
the mitochondrial cytochrome P450 family catalyzing
the initial oxidation of the side chain of sterol interme-
diates in hepatic bile acid synthesis (2, 3). Together
with two protein cofactors, adrenodoxin and adreno-
doxin reductase, sterol 27-hydroxylase hydroxylates a
variety of sterol substrates at the C-27 position, and in
addition can hydroxylate vitamin D3 in the C-1 and C-25
positions (3).

Cerebrotendinous xanthomatosis (CTX) is a rare in-
herited sterol storage disorder caused by a deficiency of
sterol 27-hydroxylase (4). CTX is characterized by abnor-
mal deposition of cholesterol and cholestanol in body
tissues (5, 6). Clinical progression of the disease is vari-
able. Some patients develop severe symptoms early in in-
fancy (7-10), whereas others first present clinical symp-
toms in middle age (4). In general, characteristic clinical
features of CTX are the presence of juvenile cataracts
and tendon xanthomas (4). Progressive neurological dys-
function may be present, if diagnosis has not been made
early in life. The latter includes behavioral abnormali-
ties; dementia; pyramidal paresis; cerebellar, brainstem,

Abbreviations: CTX, cerebrotendinous xanthomatosis; PCR, poly-
merase chain reaction; YAGC, yeast artificial chromosome.
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spinal, and peripheral nerve disorders; and epileptic sei-
zures (4, 11). In addition, osteoporosis with frequent
bone fractures and premature atherosclerosis have been
documented (4).

The isolation and characterization of the sterol 27-
hydroxylase gene (CYP27) allows for the early detection of
CTX patients and the identification of healthy carriers at
the molecular level (12-14). CYP27 has been mapped to
the distal portion (q33-qter) of the long arms of chromo-
some 2, although its fine map has not been reported (13).

Sterol 27-hydroxylase, encoded by nine exons, consists
of a 33-amino acid mitochondrial signal sequence (12),
followed by a mature protein of 498 amino acids (14). Itis
a member of a large mitochondrial cytochrome P450 fam-
ily (15) containing an adrenodoxin-binding site (residues
351-365) and the heme-binding site (residues 435-464)
(12, 14, 16). About 37 different mutations of the CYP27
gene have been identified in CTX patients drawn from
various populations (13, 14, 17-39). A large majority of
these affect splice sites and are predicted to affect message
stability or lead to abnormal splicing. Others lead to a
nonsense stop codon and premature translational stop.
Mutations that disrupt splicing often lead to rapid degra-
dation of the aberrant mRNA, or lead to frame shift and
translation of a polypeptide that would be predicted to be
enzymatically inactive, because the heme or adrenodoxin
domains are absent. All of these are therefore “null muta-
tions.” Only 16 mutations are missense mutations that
could lead to expression of the CYP27 protein. Of these,
10 are predicted to disrupt either the heme-binding or
the adrenodoxin-binding domain, as they map within the
identified binding sites (29). The other missense muta-
tions are apparently located outside these domains and
their functional effects have yet to be determined. It is
possible that similarly occurring mutations might provide
insights into the active center and/or the tertiary struc-
ture of sterol 27-hydroxylase.

In the present study, we have assembled 12 previously
unreported pedigrees, and one other proband, from the
United States that were clinically diagnosed with CTX. We
initially fine mapped CYP27 to a yeast artificial chromo-
some (YAC) contig and used a set of flanking microsatel-
lite markers to genotype all the CTX families. On the basis
of the haplotype and linkage analysis, no evidence of ge-
netic heterogeneity was found. Recombination analyses al-
lowed us to refine the mapping data. Mutations of the ste-
rol 27-hydroxylase gene from the 13 CTX probands were
identified. All probands, except two, were heterozygous
for mutations. Twenty-three mutations in total were identi-
fied, five of which are novel. Using structural modeling,
we have mapped all the known missense mutations onto a
putative three-dimensional model of sterol 27-hydroxy-
lase. Most of the missense mutations appear to disrupt the
heme- or adrenodoxin-binding sites, on the basis of their
location in these domains. However, two missense muta-
tions map well outside these areas and thus may be impor-
tant in either substrate entry into the active site, or in an
unidentified biological function that is critical for enzyme
activity.
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MATERIALS AND METHODS

Pedigrees

Twelve unrelated families with CTX were identified (Fig. 1)
on the basis of clinical finding of tendon and tuberous xantho-
mas and elevated serum cholesterol and cholestanol levels. A to-
tal of 12 parents, 19 affected individuals, and 25 unaffected sib-
lings were genotyped. The family tree of one proband, DB, was
not available, but DNA from the proband was available as a fibro-
blast cell line. Informed consent was obtained from all partici-
pants in accordance with institutional review board requirements.
Clinical characteristics of affected subjects are summarized in
Table 1. Severity was scored depending on a clinical classifica-
tion of the signs and symptoms, assigning a score of 0 for absent,
1 for mild, 2 for moderate, 3 for severe, and 4 for very severe
(40). Only the approximate age of onset, on the basis of clinical
history, was available.

YAC mapping

The Centre d’Etude du Polymorphisme Humaine megaYAC
library was screened by polymerase chain reaction (PCR) with
primers ctx 5a/5b and ctx 6a/9b for the amplification of exons 5
and exons 6-9 of the CYP27 gene (14). One positive yeast artifi-
cial chromosome (YAC), 779F9, was identified. YAC 779F9 is 760
kb in size and it appears to be chimeric. There were three known
DNA markers, and one expressed sequence tag, which have
been unambiguously mapped to this YAC. Among these markers
is a cooperative human linkage center tetranucleotide repeat
polymorphic marker, CHLC.GATA3F05 (D25433). There are sev-
eral other available polymorphic markers in the databases that
have been mapped around D2S433, but none of these are con-
tained within YAC 779F9. A BLAST search, using the CYP27
cDNA sequence, identified a working draft sequence of a bacte-
rial artificial chromosome (BAC), 459-1-19, GenBank ID AC009974,
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Fig. 1. CTX pedigree trees assembled for this study. Pedigrees
were assembled on the basis of identification of one or more previ-
ously diagnosed subjects with CTX. None of the marriages was con-
sanguineous. The parents are indicated as obligate heterozygotes.
All the families are white and of mixed European ancestry, except
for pedigrees 400, 500, and 1200, which are of Italian ancestry.
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TABLE 1. Clinical characteristics and severity scores of CTX patients

Current Tendon Cerebellar Spastic Peripheral Total Plasma
Patient Age Age at Onset Xanthomas  Cataracts  Dementia Ataxia Paresis ~ Neuropathy  Osteoporosis Score Cholestanol
years mg/dL
100-3 18 Childhood 2 2 2 0 0 0 0 6 2.6
200-3 46 Childhood 32 2 2 2 2 2 0 13 5.8
200-4 48 Childhood 3 4 2 4 4 3 2 22 6.2
300-5 36 Childhood 2 2 2 2 2 1 0 11 3.6
300-7 32 Adolescence 1 2 0 0 0 0 0 3 5.8
400-3 65 Adulthood 3 4 3 4 4 2 2 22 2.7
500-3 48 Adulthood 4 0 2 3 3 3 0 15 6.1
600-9 34 Adulthood 3 0 0 2 3 0 0 8 3.2
700-7 48 Adulthood 4 2 2 2 2 0 0 12 3.6
800-3 52 Adulthood 4 3 2 2 2 0 0 13 3.2
900-4 33 Adolescence 4 2 2 2 3 1 0 14 3.6
900-5 35 Adolescence 4 2 2 2 3 0 0 13 3.2
1000-3 48 Adulthood 2 0 2 2 2 2 0 10 1.5
1000-4 40 Adolescence 4 4 3 4 4 4 0 23 3.8
1000-6 39 Adulthood 2 4 2 2 2 2 0 14 1.5
1000-7 41 Adulthood 4 2 2 2 3 2 0 15 2.6
1100-3 45 Adulthood 2 0 2 1 1 0 0 6 6.4
1200-3 43 Adolescence 4 4 3 3 2 2 2 21 3.9
DB 47 Childhood 2 0 4 3 3 2 3 17 2.4
% Deceased.

containing the CYP27 gene. This working draft sequence con-
tains the CYP27 gene derived from a 31,056-bp contig. These se-
quences have nine exons and eight introns and confirm the
gene structure of CYP27 previously reported (14). We identified
a microsatellite repeat sequence identified within this BAC,
CYPMFR, that was found to be polymorphic and is thus the clos-
est informative marker to CYP27. The BAC was also screened by
PCR for markers D282179, D252249, D258433, and D25424 and
was found to be negative for all these markers, indicating that all
of these markers are at least 33 kb away from CYP27. Because
marker D2S433 is placed on a YAC positive for CYP27, we placed
the marker CYPMFR adjacent to this marker (see Results).

Genotyping and linkage analysis

Genomic DNA was extracted from whole-blood cells as previ-
ously described (41). Genotyping was performed with 19 markers,
15 of which are located within 10 cM of D25433 as previously
described (41). The following microsatellite repeat markers (with
sex-averaged distances in centimorgans as shown) were used for
genotyping: D251399- 34 - D2S1391 - 14 - D2S1384 - 2.5 - D2S1782 -
3.2 - D2S1369 - 4.3 - D251649 - 0 - D2S1380 - 0 - D251345 - 0 -
D2S1327-4.3 - D25164-0.5 - D2S1371- 0.5 - D25434-0 - D2S1338 -
0-D252210-0-D2S2179-0 - D252249-0.5 - D28433 -2 - D25424 -
8.6 - D251363 (Research Genetics, Birmingham, AL). Reverse
primers from each set were end labeled with [y->2P]ATP, using
standard techniques. After PCR amplification of the microsatel-
lite repeats, the products were separated by 6% denaturing urea-
acrylamide gels, dried, and analyzed by PhosphorImager (Molec-
ular Dynamics, Sunnyvale, CA) (41). Multipoint linkage analysis
was performed using GeneHunter (42). For multipoint analyses,
markers that showed no separation by recombination were as-
signed an arbitrary value, based upon uniform distribution
within such a region.

Exon amplification and mutational analysis

All nine exons, with immediate flanking intronic sequences,
of the CYP27 gene were amplified from 13 CTX probands to
identify mutations causing CTX. Oligonucleotide sequences and
PCR conditions were as previously described (14). In addition,
oligonucleotide Cfl (5'-CTAGCTGGCCTTTGCTCGGC), lo-
cated in the 5’ flanking region, and oligonucleotides 8F (5'-CCA

GTTTGTGTTCTGCCAC) and 8R (5'-CAGGCTCAGAGAAGG
CAGTG) were used for amplification of exons 1 and 8, re-
spectively. DNA sequence analysis was performed with the
ABI-PRISM™ 310 Genetic Analyzer or by manual sequencing
with Amplicycle™ sequencing kit (Perkin Elmer, Norwalk, CT).
Both strands were sequenced to confirm the identified muta-
tions. In the case of deletions, PCR products were cloned and
individual clones were sequenced to verify deletions, as previ-
ously described (43). The primers used for sequencing were the
same as those used for PCR amplification. Sequence alignment
was aided by the use of MacVector software running on an
Apple iMac.

Structural modeling

A homology-based three-dimensional model was constructed
from the CYP27 peptide sequence PIR2:A39740 (the full 531-
amino acid sequence was truncated to 498 amino acids to reflect
the mature protein) sterol 27-monooxygenase, using as a template
the model structure P4504¢c (44). This model is derived from a
2.6-A crystal structure of Pseudomonas putida cytochrome P-450cam
(45). Several procedures were attempted. The SwissModel re-
source was accessed via Web browser and SwissPDBViewer pro-
gram. This process used P4505c as the template and the align-
ment was performed using the BLAST and GCG GAP programs.
This model was passed through one refinement cycle on the
SwissModel server (http://www.expasy.ch/spdbv/mainpage.htm).
A second model using P450¢( as template was constructed via the
LOOK program (Molecular Applications Group, Palo Alto, CA;
http://www.mag.com/products/look.html). This model was con-
structed and minimized internally by the program on the basis of
automatic alignment of CYP27 sequence with the sequence of the
template structures. The alignment was identical to the GCG Gap
alignment and identical to the alignment used by SwissModel.
The GeneFold module of SYBYL, which uses Composer (46-50)
and MatchMaker (51) approaches, built an additional model of
CYP27 on the basis of P4505¢c. A loop from positions 272 to 278
(QVSGY), which did not conform to structurally conserved re-
gions, was added manually. The resulting structure was minimized
to 0.05 kcal/A with the Kollman All_atom force field as imple-
mented within SYBYL. As an analysis tool the PROTABLE feature
of SYBYL and the MatchMaker energy plot of each of the above-
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Multipoint Lodscore

described models were computed. Root mean square deviation
(RMSD) calculations comparing the models with P4505¢¢ in the
regions homologous to the Prosite heme motif (416 -426 P4505¢c;
436-446 CYP27), the adrenodoxin (Arg347 P450gcc; Arg362
CYP27)-binding site, and a series of sites where mutations are
known to occur (82, 92, 214, 353, 357, 393, 421, 426 P450g¢; 94,
104, 226, 368, 372, 408, 441, 446 CYP27) were recorded.

RESULTS

Fine mapping and linkage analysis

Previous studies had localized CYP27 to chromosome
2q31-ter (13); a more localized position was not available.
We initially screened a YAC library and identified a YAC
that was positive for CYP27. A polymorphic marker,
D25433, was unambiguously assigned to it. On screening,
this YAC was found to be negative for the remaining mark-
ers used in this study, suggesting that these markers were a
minimum of 0.5 Mb away from CYP27, or that the YAC was
chimeric. Subsequently, a BAC sequence was also identi-
fied by BLAST searches of the databases that contained
CYP27, but by none of the other identified markers (see
Materials and Methods). We identified three microsatel-
lite repeat sequences within the sequenced BAC that
could be used as potential polymorphic markers, only one
of which was polymorphic (CYPMFR; see Materials and
Methods). On the basis of the identification of a YAC that
contained both D2S433 and CYP27 and a BAC that con-
tained CYP27and CYPMFR, we tentatively placed CYPMFR
next to D25433, mapping CYP27 to chromosome 2q35.
Fifteen other markers were selected from the Whitehead
and Marshfield databases, spanning an approximately 40-
cM region, for genotype and linkage analyses.

Multipoint analysis is shown in Fig. 2. The x axis does
not accurately depict the distances between the markers,
an estimate of which is given in Materials and Methods.
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Fig. 2. Multipoint analysis of informative markers to localize the
CYP27 gene. Multipoint analysis between markers D2S1391 and
D2S§1363 was performed (spanning 40 cM) as described in Materi-
als and Methods. A maximum LOD score of 3.0 was obtained for
microsatellite marker D252249. There are two possible areas for the
localization of CYP27 as indicated, between D2S164—-D2S51388 and
D282249-D25433.
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Two peak logarithm of the odds (LOD) scores of 2.8 and
3.0 between D2S1371 to D251338 and D252249 to D2S433,
respectively, were obtained (Fig. 2). Note, however, that
the marker order or the distance separating some of the
markers, D25434, D2S1338, D252210, D252179, and D252249,
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Fig. 3. Haplotype analyses and fine-mapping of CYP27. A: Sum-
mary of the haplotype analyses from the 12 pedigrees, using all avail-
able individuals. The vertical bars represent haplotypes, with recom-
binant events depicted by the solid bars. The hatched horizontal bars
indicate the two maximal areas of possible CYP27localization, on the
basis of recombination in affected and unaffected individuals. The
distance between markers is not drawn to exact scale. When com-
bined with the presence or absence of the mutation in “carriers” (B),
CYP27 could be further localized to between D252249 and D25433.
In family CTX1000 (B), sibling 5 shows a recombinant event between
D2§2210 and D252249 and shares this region with his affected
brother. Because sibling 5 is a carrier for at least one defective allele,
but is unaffected (on the basis of clinical and biochemical examina-
tion), the disease locus cannot lie between these two markers. Simi-
larly, both siblings 5 and 6 in family CTX1100 (B) were found to be
carriers for the paternal mutant allele, detected by direct PCR and se-
quencing, but share only the D252249-D251363 haplotype with their
affected sibling. Haplotype analyses showed that both had a recombi-
nation event affecting D252249, suggesting that the mutant allele was
at or below this marker. Sibling 4 shares this allele, but was not a car-
rier of the paternal mutation. This, therefore, placed CYP27between
D2§2249and D25433 (cf. A with B).
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has not been established. Some of these markers have
been placed at the same map position in the databases.
Haplotype analyses and informative recombinant events
of the affected subjects (solid vertical bars, Fig. 3A) fur-
ther confirmed the two possible locations for CYP27
(hatched horizontal bars, Fig. 3A) between D2S1371 and
D2S1338 or D252249 and D2S433. In addition, we noted
that a number of unaffected siblings showed evidence of
informative recombination in this area. For example,
some of the siblings shared one of the mutant alleles and
thus would be predicted to be carriers (Fig. 3B). Other
siblings shared only a part of the mutant allele and exhib-
ited a recombinant event in one of the two possible areas.
Such individuals could either be carriers or wild-type nor-
mal individuals. Once the mutations in each of the pro-
bands were identified (see below), we screened these sib-
lings for the mutations. This allowed us to narrow the
CPY27 locus to between D252249 and D2S5433, placing
CYPMFR in this interval (Fig. 3B, family CTX1100). For
example, for family CTX1000, sibling 5 was unaffected,
but shared the region bounded by markers D252210-
D2S§2249. Thus CYP27 cannot be located in this region
and must be distal to D252249. For family CTX1100, both
siblings 5 and 6 showed recombination for marker
D252249 on the paternal mutant haplotype. Knowing the
mutations for the proband, individual 3 (see Table 2), we
screened both siblings and found that they were carriers
for the intron 6 1205+ 1G—A mutation. This further lo-
calized CYP27 to lay distal to marker D252179. On the
other hand, sibling 4 had a recombinant event on the pa-
ternal mutant haplotype (Fig. 3B) and was found not to

carry the paternal mutation (exon 6, C1204T, Table 2),
placing CYP27 distal to D252249 (cf. Fig. 3A with Fig. 3B).
No recombinants for the marker CYPMFR were found in
our cohorts, thus placing this marker between D252249
and D2S433, and localizing the CYP27 locus to between
these markers. Therefore, these three markers (D252249,
CYPMFR, and D2S§433), being highly polymorphic and
thus likely to be informative, may be useful for haplotype
analyses and screening of carriers in CTX families.

Mutational analysis of CYP27 gene

Mutational analysis was carried out in all 13 CTX
probands, using PCR amplification and direct sequenc-
ing. All nine exons of the CYP27 gene were amplified and
sequenced for each proband. From 13 CTX probands, 21
point mutations and 2 deletions were detected (Table 2).
Two deletion mutations, suspected from the results of the
sequence traces, were confirmed by cloning of PCR prod-
ucts and sequencing of selected cloned (Fig. 4). Both of the
deletion mutations led to frame-shift and premature chain
termination. The 10-bp deletion in exon 1 (proband 600-9;
Table 2) led to a premature codon soon after the deletion
site and no protein was expected to be synthesized, as it
would code for a putative 5-amino acid polypeptide. Al-
though the 2-bp deletion in exon 6 (proband 1200-3; Ta-
ble 2) also led to premature chain termination, a theoreti-
cal 410-amino acid polypeptide (~46 kDa) could result,
but would be devoid of the cofactor binding domains and
thus would lead to a protein with no enzyme activity. In to-
tal, 21 point mutations were identified from 12 probands
containing 7 missense mutations, 3 nonsense mutations,

TABLE 2. CYP27 mutations causing CTX

Patient Mutation Effect of Mutation Reference

100-3 Ex2C =T Arg94Trp Present study; ref. 38
Ex5C—=T Splice site mutation Present study; ref. 18

200-3 Ex6 C—T Splice site mutation Present study; ref. 13
Ex8C—T Pro408Cys Present study

300-5 Ex8C—T GIn428stop Present study
Ex8C—T Arg446Cys Present study; ref. 13

400-3 In7G+5—T Frame shift — stop Present study; ref. 30
Homozygous

500-3 Ex2 C—=T Arg 94Trp Present study; 38
Ex3G—C Splice site mutation Present study; ref. 30

600-9 Ex8C—T Arg446Cys Present study; ref. 13
Ex 1A 10 bp Frame shift — stop Present study

700-7 Ex4A— G Lys226Arg Present study; ref. 39
Ex6 C—T Splice site mutation Present study; ref. 13

800-3 Ex2G—A Arg94GIn Present study; ref. 28
In6 G+1 — A Frame shift — stop Present study; ref. 30

900-4 Ex3G—C Splice site mutation Present study; ref. 30
Homozygous
Ex4C—T Arg237stop Present study; ref. 31

1000-3 In6 G+1 —A Frame shift — stop Present study; ref. 30

1100-3 Ex6 C—T Splice site mutation Present study; ref. 23
In6 G+1 —A Frame shift — stop Present study; ref. 30

1200-3 Ex 6 A 2bp Frame shift Present study
Second mutation not found

DB Ex2G—=A Trpl00Stop Present study
Ex6 G — A Splice site mutation Present study; refs. 24 and 33
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and 11 point mutations in exon/intron boundary sites
(Table 2). Eleven probands carried heterozygous muta-
tions and two probands carried homozygous mutations.

A summary of the spectrum of mutations seen in our
cohort, as well as those previously reported, is presented
(see Table 2 and Fig. 5). Many of the mutations affected
either mRNA splicing, or led to frame-shift and nonsense
mutations that led to truncated translated products. A few
of the mutations were missense mutations; these are indi-
cated above the gene structure, Fig. 5. Note that although
A183P (exon 3, 667G—C) and R372W/Q (exon 6,
1263+1G—A) were potential missense mutations, they
have been shown to disrupt normal splicing (25, 30), and
a full-length protein may not be synthesized. Five muta-
tions affecting Pro351, Gly439, Arg441 (2 mutations), and
Arg446, based solely on the primary polypeptide, affected

Fig. 4. Deletion mutations affecting CYP27. Where
deletions were suspected (see text), PCR products
were cloned and sequenced. Representative se-
quence analyses for the 10-base pair (bp) (A) and
the 2-bp (B) deletions are shown. Upper case indi-
cates the coding region and lower case (B) indicates
the intronic region. The boxes show the deleted
bases.

the known adrenodoxin or heme-binding domains (shaded
boxes, exons 6 and 8; Fig. 5). The remaining mutations lay
outside these areas. To examine for a potential functional
effect of all the missense mutations, a three-dimensional
structure of CYP27 was constructed, on the basis of pub-
lished high resolution crystal structures of homologous
P450 enzymes.

Structural modeling

A multiple alignment between CYP27 and a number of
closely related P450s was performed (Fig. 6). The 33-
amino acid mitochondrial targeting sequence was re-
moved and the CYP27 amino acid numbering was as previ-
ously utilized (52). Note that although Arg94 was not part
of a previously recognized motif, it appeared to be highly
conserved (Fig. 6 and see below).

R372W G439A

R94W R362C
R94Q D321G R362S
R104W A183P K226R T306M P351R P368R
ATG
Exon 1 l # Il Exon 2]I H : Exon 3 EXON 4 et : Exon 5 Hh-l Exol
R198%
Q216 %
AC376 W227%
R237
A 10bp32 * A2bpC1201 Q428%
26C Insertion Qi126% K251% 1285-1G>T
AG546 AT840
W00k E162% 1205GoT 1284+5G>T
1284+1G>A
456G>T 667G>C 865+1G>A 1037C>T  1205+1G>A
866-1G>T

Fig. 5. Mutations affecting CYP27in CTX. Schematic summary of all published mutations affecting CYP27. Major deletions affecting the
gene have been omitted for clarity. The adrenodoxin-binding (exon 6) and heme-binding (exons 8 and 9) domains are indicated by the
shaded boxes. Missense mutations (open and closed circles) are indicated above the gene structure, and mutations that lead to frame shift,
premature termination of translation (asterisks), or splicing abnormalities are indicated below. The mutations below the gene structure
are likely to be null mutations. The mutations above the gene structure should lead to expressed protein (see text). Note that A183P and
R362C or R362S (shown as open circles) are potentially missense mutations, but their effect is to disrupt splicing and thus the frame shift,

resulting in truncated proteins [see text and ref. (25)].
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Fig. 6. Multiple alignment of sequences homologous to CYP27. Multiple alignment using human CYP27 (CYP27mat), human cyto-
chrome P450 side chain-cleavage enzyme (lscc), Pseudomonas putida cytochrome P450cam (2bmh), Oryctolagus cuniculus CYP26
(Rabbit_26A1), Rattus norvegicus CYP27 (Rat_D3_27), 25-hydroxyvitamin Ds-a-hydroxylase (HumanD3_25), Oncorhynchus mykiss P450 mo-
nooxygenase (TroutSCC), chicken P450 monooxygenase (ChickenSCC), and Lymnaea stagnalis cytochrome P450 (MolluscP450) was per-
formed using the GCG Pileup program. An asterisk indicates two residues, Arg94 and Lys226, using the human CYP27mat numbering.
The adrenodoxin domain is contained between residues 351 and 365 and the heme-binding domain is contained between residues 435
and 464. Boxed residues indicate high areas of homology, with darkened areas indicating completely conserved residues. Note that Arg94,
Thr306, and Pro408 are highly conserved, but Lys226 is not (indicated by filled circles). However, Lys226 is adjacent to a highly conserved
proline at residue 225 (see also Fig. 7B).
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Fig. 7. Structural modeling and mapping of missense mutations of CYP27. A three-dimensional structure was constructed, using P4505c¢
as template. A: The P4505¢c structure (light green) superimposed on the predicted CYP27 structure (brown), to examine for goodness-of-
fit. The arrow highlights an area where there is a discrepancy in the goodness-of-fit (A, see text for discussion). B: The sites of the missense
mutations are shown in red and the two conserved domains, the adrenodoxin-binding site (residues 351-365) and the heme-binding site
(residues 435—-464), are shown in blue and cyan, respectively. All but two of the missense mutations (indicated in red) are located in these
two domains. Only a handful of the missense mutations are labeled for clarity. Two missense mutations, Arg94Trp and Lys226Arg, are lo-
cated outside of these domains (see text for discussion). Note that Pro408 (highly conserved, see Fig. 6) and Asp32lare now located in an
area that could affect adrenodoxin binding, and Thr306 (highly conserved, not labeled) is likely to disrupt the heme domain.

Using P4505cc as the 3-D template, the various 3-D
modeling algorithms agreed in the overall predicted fold
pattern for CYP27 (Fig. 7A). The RMSD comparing back-
bone atoms for all three areas of interest was 1.2558 for
the GeneFold model, 0.6252 for the SwissModel, and
1.1201 for the LOOK model. All the models preserved the
heme-binding pocket. The RMSD comparing backbone
atoms of the heme site were 1.0918 for GeneFold, 0.1235
for SwissModel, and 0.8339 for the LOOK structure. The
MatchMaker energy score for SwissModel structure was
—0.04 kT. For the GeneFold model the MatchMaker score
was 0.0 kT. For the LOOK model the MatchMaker score
was —0.02 kT. For comparison, the MatchMaker energy
score for the P450gcc model (used as a template for
CYP27 by all the programs) was —0.03 kT. The models
therefore agreed with one another reasonably well. Figure
7A shows a superimposed image of the predicted sterol
27-hydroxylase on the crystal structure of P4505cc. The
predicted structure, except for two areas (Fig. 7A), agreed
well. Of the two discrepant areas, one of these was a puta-
tive membrane association loop for P4505c¢ (44); mem-
brane association of CYP27 has been previously reported
(53). The second area involved a short loop for which
there were insufficient data as to whether this domain may
or may not be biologically important.

Known point mutations were mapped onto the models
and demonstrate that several missense mutations occurred
in the two areas, the adrenodoxin- and heme-binding do-
mains, predicted a priori to be critical to protein function
(see Figs. 6 and 7B). Argl104, Arg368, and Arg372 (which
on a linear polypeptide map outside the identified func-
tional domains) lined the interior of the heme-binding re-
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gion of the models. Arg94 and Pro408 appeared to be at
the surface of the molecule on the same hemisphere as
the heme-binding site. More significantly, Pro408 Iay
within hydrogen-bonding distance of Arg362, which has
been identified as the adrenodoxin-binding site (35), and
this mutation can be predicted to affect the active site. On
the other hand, Lys226 was also a surface residue but was
modeled as lying on the opposite face of the model from
the heme cavity. This suggests either flaws in the models
(GeneFold, SwissModel, and LOOK all place these resi-
dues similarly, however, when using P450¢( as a template;
and see Fig. 7) or perhaps indicate additional functional
properties of the protein (particularly for the Arg94 and
Lys226 sites), which remain to be elucidated (see below).

Overall, the pattern of missense mutations, when mapped
onto the model, demonstrated that various areas predicted a
priori to be critical for enzyme activity did indeed map at
functional sites. Figure 7B shows that most of the missense
mutations occurred in the heme-binding site (Argl04Trp,
Thr306Met, Pro368Arg, Arg372Trp, Arg441Glu, Arg441Trp,
and Arg446Cys) or in the adrenodoxin-binding site
(Asp321Gily, Pro351Leu, and Pro408Ser). All of these resi-
dues were displayed (indicated in red; Fig. 7B), although
only a few labeled for clarity.

However, there were two missense mutations, Arg94Trp
and Lys226Arg, that were located outside these areas, and
the three-dimensional structure of CYP27 shows that these
missense mutations did not seem to be involved in the
heme-binding or adrenodoxin-binding domain (Fig. 7B).
Interestingly, Arg94 appeared to be highly conserved
among the various P450s (see Fig. 6), although this resi-
due has not been previously implicated in the active site

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

of the enzyme. Although Lys226 was not conserved (Fig.
6), it was preceded by a stretch of hydrophobic residues
(see below).

DISCUSSION

There are only two ways to remove cholesterol from the
body: either by direct excretion of cholesterol into bile (a
minor pathway), or by conversion of cholesterol and its
metabolites to bile acids and excretion into bile. Disorders
of bile acid synthesis, although rare, are important in the
study of cholesterol loss from the body. One such disorder
is CTX. This rare, autosomal, recessively inherited condi-
tion is caused by mutations affecting a mitochondrial cyto-
chrome P450 enzyme, sterol 27-hydroxylase, encoded by
the CYP27 gene. Suspicion of this diagnosis is raised when
a patient presents with tendon xanthomas, but does not
exhibit elevated plasma cholesterol levels diagnostic of fa-
milial hypercholesterolemia; or when the patient mani-
fests neurological dysfunction; or through screening of
family members, when one affected sibling has been iden-
tified. Diagnosis is based both on clinical presentation and
detection of elevated blood cholestanol levels and the ab-
sence of elevated plant sterols. The latter is important as
another genetic condition, phytosterolemia, can also
present in a similar manner, although neurological symp-
toms are not a feature of phytosterolemia (4). Diagnosis
of CTX is based on elevations of plasma cholestanol levels,
a cholesterol metabolite that is normally present in low
concentrations, and more specifically by the demonstra-
tion of 25-hydroxylated C-27 bile alcohols, such as
5B-cholestane-3a, 7a,,120,23 R, 25-pentol and 5p-cholestane-
30, 70,120,24 R 25-pentol in blood, urine, and feces (4).
Untreated, patients with CTX accumulate cholesterol, as
well as cholestanol in tissues, including brain and mac-
rophages. Progressive neurological dysfunction, as well as
atherosclerotic disease, may result. The pathophysiology,
in part, involves the elevation of toxic bile alcohols in the
plasma, damaging the blood—brain barrier. Inhibition of
the bile alcohol production by the liver through exoge-
nous bile acid supplementation results in restoration of
the blood—brain barrier and an improvement of the neu-
rological symptoms in many cases (4).

We have identified 12 new families with CTX; the
patients/probands were diagnosed as having CTX on the
basis of clinical and biochemical criteria, and were found
to have mutations in CYP27. Genetic heterogeneity is an
issue, as the bile acid biosynthesis involves a number of en-
zymes, many of which have not been fully characterized.
Theoretically, it is possible that any one of these other en-
zymes could be genetically deficient, leading to a similar
phenotype. On the basis of haplotype analyses of 15 mic-
rosatellite markers and mutation analysis in these pedi-
grees, there was no evidence of genetic heterogeneity for
this rare disease. Using recombination and linkage analy-
ses, we further fine-mapped the CYP27 gene locus to be-
tween markers D252249-D25433. These markers are highly
polymorphic and allow for rapid haplotype analyses. This

information may be useful in segregation of future clini-
cally diagnosed patients to examine for any evidence of
genetic heterogeneity, as well as for carrier identification
in the families of affected individuals. Genetic heterogene-
ity remains a possibility, because the clinical presentation
and severity for CTX are variable and, to date, there ap-
pears to be little correlation between genotype and pheno-
type (39, 54). Thus patients may be diagnosed at an early
age (7-10), or well into adulthood, and the symptoms/
signs may range from being asymptomatic, to the pres-
ence of tendon xanthomas only, or to early neurological
dysfunction (39, 54). In the present study, 23 mutations
were identified from 13 probands with CTX; 10 probands
were compound heterozygotes, and 2 probands were homo-
zygous for mutations. Five of these mutations were novel
and not previously reported.

A better understanding of the structure-function rela-
tionships may also allow for more insight into this disease.
One approach is to identify missense mutations together
with structural modeling to predict functional domains.
CYP27 is a member of the larger cytochrome P450 family
and two functional domains, the adrenodoxin-binding
site (residues 384-395) and the heme-binding site (resi-
dues 468—497), have been identified (14-16, 55). In vitro
transfection studies of mutant cDNAs that carry the
Arg446Cys mutation (heme-binding domain) in COS cells
showed low or undetectable levels of CYP27 enzyme activ-
ity (13, 19). Structural mapping, using computer model-
ing, of the mutated missense amino acid residues in three-
dimensional structure of CYP27 allowed for prediction of
the effects of these mutations on function. Most missense
mutations that initially mapped to outside the conserved
heme- and adrenodoxin-binding sites were shown to af-
fect these domains. However, we found two missense mu-
tations that were located outside of the adrenodoxin- and
heme-binding domains and may throw some light on the
structural complexities and enzyme-substrate specificities
of CYP27.

Arg94 is a highly conserved residue that does not appear
to map into the putative active site. Vijaykumar and Salerno
(44) have reported that all three enzymatic reactions for
P4504¢¢ (hydroxylation of C-22, hydroxylation at C-20, and
oxidative cleavage between C-20 and C-22 to yield preg-
nenolone) occur at the heme active site. By extrapolation,
the multiple enzymatic reactions known for CYP27 are also
predicted to involve the heme site. Thus the identification
of Arg94 and its predicted map positioning at a site well
away from the active site suggests that either the substrate
pocket for CYP27 involves this surface residue, or this area
has an unidentified biological function.

The mutation Lys226Arg is interesting. In the homolo-
gous region in P450gcc, this region is known to mediate
membrane association. Membrane association has been
reported for sterol 27-hydroxylase (53), but whether this
association is necessary for enzyme action is not known.
By inference, CYP27 should be associated with the mem-
brane and this association is critical for enzyme function,
if the biological effect of the mutation were to disrupt
membrane association.
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In vitro expression studies, using site-directed mutagen-
esis, should be conducted to understand whether these
mutations affect any additional functional domains or in-
teraction with the enzyme substrate specificities at the ter-
tiary structure level.

The analyses reported in this study shed light on some
of the missense mutations, as they map into the adreno-
doxin- and heme-binding domains, crucial for enzymatic
activity. In addition, two sites, Arg94 and Lys226, would
suggest that these residues play a important role in en-
zyme activity. Further experiments will be needed to ex-
plain why these inactivate CYP27 and may reveal new as-
pects of this interesting enzyme. i
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ELECTRONIC DATABASES

BLAST server: http://www.ncbi.nlm.nih.gov/BLAST/

Protein data: http://www.ncbi.nlm.nih.gov/

Rabbit sterol 26-monooxygenase, accession number A33813; rat cho-
lesterol 26-hydroxylase, accession number S09198; human 25-
hydroxyvitamin Ds-a-hydroxylase, accession number JC5713; trout
cholesterol monooxygenase (side chain-cleaving), accession num-
ber $32197; chicken cytochrome P450scc, accession number
JC6200; mollusk cytochrome P450 (CYPIO), accession number
JX0225.

SwissModel Server: http://www.expasy.ch/spdbv/mainpage.htm

LOOK program (Molecular Applications Group): http://www.mag.
com/products/look.html
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