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Abstract
In the present study, we have isolated and sequenced the com-
plementary DNAsof two mutant alleles for lysyl hydroxylase
(LH) in fibroblasts from one patient (AT750) with Ehlers-
Danlos syndrome type VI (EDS VI). Wehave identified a
putative mutation in each allele which may be responsible for
the patient's decreased LH (normalized to prolyl hydroxylase)
activity (24% of normal). Intermediate levels of LH activity
were measured in the patient's parents, who are clinically nor-
mal (father 52%; mother 86%). After the cloning of cDNAs
and amplification by PCR, sequence analysis revealed two
equally distributed populations of cDNAs for LH in the AT750
cell line. Each allele revealed different but significant changes
from the normal sequence. In one allele (allele 1), the most
striking change was a triple base deletion that would result in
the loss of residue Glu532. The most significant difference in the
other allele (allele 2) was a G - A change which would pro-
duce a Gly678 -> Arg codon change in a highly conserved region
of the enzyme. Restriction analysis identified that allele 1 was
inherited from the proband's mother and allele 2 from the fa-
ther. This study represents the first example of compound het-
erozygosity for the LH gene in an EDSVI patient, and it ap-
pears that there is an additive effect of each mutant allele on
clinical expression in this patient. (J. Clin. Invest. 1994.
93:1716-1721.) Key words: collagen disease-compound hetero-
zygote. linkage- molecular sequence data * phenotype

Introduction
Lysyl hydroxylase (LH)' is a procollagen post-translational
modifying enzyme that hydroxylates lysine residues at the Y
position of Gly-X-Y peptide sequences ( 1 ). Hydroxylysine resi-
dues provide sites for intermolecular covalent crosslinks that
are critical for the tensile strength of collagen fibrils (2). The
hydroxylated lysine residues are also sites of attachment for
galactosyl and glucogalactosyl side chains; the functions of
these carbohydrate modifications are unclear although they
may be important in the regulation of crosslink formation and

Address correspondence to Dr. Heather N. Yeowell, Box 3135, Duke
University Medical Center, Durham, NC27710.

Receivedfor publication 9 June 1993 and in revisedform 31 De-
cember 1993.

1. Abbreviations used in this paper: EDSVI, Ehlers-Danlos syndrome
type VI; LH, lysyl hydroxylase; nt, nucleotide(s); PH, prolyl hydroxy-
lase; RT, reverse transcriptase

fibrillogenesis (3). LH exists as a homodimer (a2) of 85,000-
mol wt subunits, and requires a-ketoglutarate, Fe2+, ascorbate,
and 02 as cofactors ( 1, 4, 5). The importance of this enzyme is
demonstrated in patients diagnosed with Ehlers-Danlos syn-
drome type VI (EDS VI) (6-8). Owing to a deficiency of LH
activity, these patients exhibit signs of collagen pathology that
include neonatal onset of kyphoscoliosis, joint laxity, and mus-
cle hypotonia. Other manifestations consist of skin hyperex-
tensibility, easy bruisability, and ocular fragility (9, 10). The
potential lethality of the disease is a reported tendency for spon-
taneous arterial rupture (10). Clinical diagnosis of EDSVI is
confirmed by an assay of LH activity in cultured skin fibro-
blasts (11).

The genomic sequence of LH has not yet been determined,
but the sequence of a full-length cDNA for LH from human
placenta was recently reported ( 12). Wehave also sequenced a
full-length cDNA for LH from a normal cultured dermal fibro-
blast cell line GM05659 (13). These sequences, apart from
apparent polymorphisms, appear to have identical coding re-
gions and provide a basis for mutational analysis in the LH
cDNA from patients with EDS VI. Clinical and biochemical
evidence suggest heterogeneity at the LH locus in producing
EDSVI ( 14-16). Recent studies confirm this at the molecular
level with two reported cases of different homozygous recessive
mutations in LH cDNA, each in two siblings with EDS VI;
these include a premature termination codon ( 17) and an 800-
bp duplication ( 1 8), which may be responsible for the disease.
Analysis of the location of the different types of mutations
responsible for LH deficiency in the LH cDNAwill also help to
characterize the functional domains of the enzyme's primary
structure. In the present study, we report the cloning and se-
quencing of full-length cDNAs (3 kb) for LH isolated from
cultured dermal fibroblasts from a third patient with EDSVI
(AT750). Wehave identified two novel mutant alleles for LH,
which indicates that the patient is a compound heterozygote
for EDS VI. The parental origin of each mutation correlates
with partially reduced LH activity in their fibroblast strains and
has confirmed the heterozygosity of the mutation. This repre-
sents the first reported example of compound heterozygosity in
the LH gene, and it appears that a significant mutation in each
allele contributes to this patient's disease phenotype.

Patient summary
Detailed clinical information on the proband (AT750), up to
the age of 6 yr, has been reported ( 19, 20). The patient is a male
of Mexican-American ancestry born full term on 28 January
1978, without premature rupture of fetal membranes, to a non-
consanguinous couple. He was noted at birth to exhibit hemifa-
cial asymmetry and dislocation of the right wrist and hip. The
patient exhibited other characteristic features of EDS VI in-
cluding myopia, hyperextensible, soft and velvety skin, and
hypotrophic wound healing. The patient's surgical history in-
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cludes bilateral herniorrhaphy and orchidopexy at 6 moof age
and Harrington rod placement for kyphoscoliosis at 3 yr of age.
He was demonstrated to be ascorbate-responsive and did well
from the age of 6 to - 14 yr when he stopped taking ascorbate
( 15, 16, 19, 20). At 15 yr of age he had spontaneous arterial
rupture into his upper thigh. Bilateral venous thrombosis re-
sulted from compression stasis requiring fasciotomies. Pharma-
cological amounts of ascorbate (5.0 g/d) were reinstituted and
wound healing progressed normally. He is currently 16 yr old
and doing well in the 10th grade of high school.

The diagnosis of EDS VI was supported by amino acid
analysis of his skin which showed zero hydroxylysine per 1,000
residues with normal values being 5 / 1,000. The diagnosis of
EDS VI was verified by assay of LH activity from cultured
dermal fibroblasts which showed that the patient had a LH/
prolyl hydroxylase (PH) ratio that was 24% of the control val-
ues. PHwas used as a reference since the activity of this enzyme
is shown to be normal in EDS VI patients ( 15, 16, 19). An
autosomal recessive mode of inheritance was deduced from the
same assays performed on his parents' dermal fibroblasts
which showed 52% and 86% LH, relative to PHactivity, in the
father and mother, respectively. Neither parent had clinical
evidence for EDSVI.

Methods
Tissue culture. Human dermal fibroblasts from a normal donor
(GM05659, Institute for Medical Research, Camden, NJ), an EDSVI
patient (AT750), his mother (ST 1 129), and his father (PT1 130) were
grown to confluency in DME(Gibco-BRL, Gaithersburg, MD) supple-
mented with 20% calf serum (Gibco-BRL).

cDNA synthesis. Dermal fibroblasts were trypsinized from tissue
culture plates and harvested. By using - 1 x 106 cells per prep,
poly(A) mRNAswere isolated using Micro-Fast Track Kit (Invitro-
gen, San Diego, CA) according to the manufacturer's recommenda-
tion. cDNAs were synthesized with a cDNACycle Kit (Invitrogen) by
suggested protocol with the exception that avian myeloblastosis reverse
transcriptase (RT; Seikagaku America, Rockville, MD) was used in-
stead of the RT supplied by the kit. This required that the reaction be
carried out at 37°C instead of 42°C.

PCR. The following 18- or 20-oligomer PCRprimers were con-
structed according to the cDNAsequence for human dermal fibroblast
LH with attached Eco RI restriction sites (given in italics):

1(A) GCGAATTC*ATACCTCGGCCATGCGGC(*nt14);

1 (B) GCGAATTC*CACCAGTTTGCTGAGGTT(*nt528);

2 (A) GCGAATTC*AACCTCAGCAAACTGGTG(*nt511);

2(B) GCGAATTC*TTCACAGACTGGTACTCGCT(*nt1067);

3(A) GCGAATTC*AGCGAGTACCAGTCTGTGAA(*ntlO48);

5(B) GCGAATTC*CCACAGGCAAGTAGAAGA(*nt2823).

Primers A are based on the sense strand and primers B are based on the
complementary strand. Nucleotide (nt) numbering is based on the
cDNAsequence of LH from dermal fibroblasts ( 13), GenBank acces-
sion number M98252. PCR reactions were carried out in 50-,ul vol-
umes using either 0.10IM of each primer and 0.25 mMeach of dNTPs
(dATP, dCTP, dGTP, dTTP) or 0.33 ,uM primer and 0.5 mMeach of
dNTPs with 2.5 U of Taq polymerase (Gibco-BRL) as previously de-
scribed (21). The reaction cycles were 94°C for 1 min 10 s, 52°C for 2
min 10 s, and 72°C for 6 min with 10-s extensions per cycle for 40
cycles. Each set of PCRreactions included appropriate control reac-
tions of zero template to monitor for possible PCRcontaminations by
foreign DNA.

cDNAcloning. PCRproducts of different A and B primer combina-
tions were visualized on a 1% agarose-ethidium bromide gel. DNAsof
the expected sizes were excised and purified using Magic PCRPreps
(Promega Corp., Madison, WI) columns. To create ligatable overhang-
ing ends, the cDNAs, which contained no internal Eco RI sites, were
restricted with Eco RI (Promega Corp.) for 3 h, heat-denatured at 70'C
for 5 min, and purified using Magic DNAClean-Up (Promega Corp.)
purification columns. Ml13mpl 8 bacteriophage (Eastman Laboratory
Research Products, NewHaven, CT) was restricted with the same en-
zyme for 1 h, heat-denatured, phosphatased with calf intestinal phos-
phatase (Boehringer Mannheim Biochemicals, Indianapolis, IN) for
30 min, heat-denatured, and gel purified. cDNAsand Ml 3mp18 in the
ratio of - 2:1 were ligated using T4 DNALigase (Promega Corp.)
overnight at 16'C. Ligated products were transformed into Escherichia
coli strain TG1 following the method described by Hanahan (22) and
incubated overnight on H-top plates. Positive colonies were picked by
blue-white selection (23) with further verification by single-stranded
sequencing. The number of selected cDNA clones designated as fol-
lows, by size and PCRprimers, includes three full-length clones of 2809
bp (lA-SB) and 10 partial cDNA clones including seven clones of
2,312 bp (2A-SB) and one clone each of 1,775 bp (3A-5B), 1,053 bp
( A-2B), and 514 bp ( lA-IB).

cDNA subcloning. Owing to the tendency of M13 phages with in-
serts larger than - 200 nt to give rise to progeny with large-scale dele-
tions (24), the three full-length clones were subcloned into a pFlag
(Eastman Laboratory Research Products) multipurpose expression
vector. This was performed as previously described using Eco RI to
create "sticky ends" in both cDNA insert and pFlag before ligation.
Double-stranded cDNAs for the subcloning were generated from plas-
mid minipreps (Promega Corp.) of the three full-length M13 clones. E.
coli strain TG1 was again used for the transformation, but because no
blue-white selection exists for positive pFlag clones, random colonies
were picked from overnight culture plates and grown up for isolation
by plasmid minipreps. The plasmids were restricted with Eco RI and
the positive clones with the correct size inserts (2809 bp) were identi-
fied on a 1% agarose-ethidium bromide gel.

DNAsequencing. Single-stranded phagemids for sequencing were
prepared from M13 clones by the standard procedure (23). Single-
stranded phagemids of the pFlag clones were made with the use of
helper phage (Eastman Laboratory Research Products) following the
supplier's instructions. Sequencing was performed using Sequenase
Version 2.0 kit (United States Biochemicals, Cleveland, OH) accord-
ing to the dideoxy method described by Sanger et al. (25). The clones
were sequenced using a series of synthetic 18-mer primers based on
normal LH cDNA sequence (GenBank M98252) and were of the
correct strandedness depending on clone orientation. The primers be-
ginningat nt 14,129, 329, 472, 653, 776,1048,1261,1499, 1734, and
2006 were based on the sense strand, and for the antisense strand,
sequences were read from primers at nt 2259, 2023, 1821, 1517. 1280,
1067, 827, 669, 490, 404, and 146.

Restriction digests. First-strand cDNAwas synthesized from fibro-
blasts from a normal donor (GM05659), proband (AT750), mother
(ST I 129), and father (PT1 130). Amplification of the 704-bp region
covering both the triplet deletion (nt 1618-1620) observed in allele 1
and the G2056 A change observed in allele 2 was carried out using as
5' primer, the sequence between nt 1498 and 1515, and as 3' primer,
the sequence complementary to nt 2185-2202. A similar region was
amplified in the individual cDNA clones of alleles 1 and 2. PCRwas
performed as described and the gel-purified 704-bp fragments were
digested at 370 with either Mbo 11 ( 1 h) or Alw NI ( 16 h). At digestion
times > 30 min, Mbo II produced an unpredicted fragment at 300
bp, suggesting that this enzyme was cutting less specifically at a second
recognition sequence. This was accompanied by a corresponding de-
crease in the 507-bp fragment. In contrast, A1WNI required an over-
night digestion for complete restriction. The digests were electrophor-
esed on a 3%NuSieve- 1% agarose gel and visualized by ethidium bro-
mide-UV fluorescence.
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Results

Isolation and sequencing of LHcDNA clones from AT750. We
chose to study the LH cDNAfrom the AT750 cell line because
of an abnormally sized mRNAidentified by Northern blot anal-
ysis of LH mRNAsfrom fibroblasts of 12 EDS VI patients
(26); hybridization of this blot with a 2.2-kb cDNAprobe for
LH (21) showed AT750 to have a unique, slightly faster-mi-
grating LH mRNAin the 3.4-kb region compared to control
LH mRNA. With the use of RT-PCR techniques, we isolated
10 partial and 3 full-length LH cDNAclones derived from his
cultured dermal fibroblasts (AT750). To ensure that any nu-
cleotide differences from our control human LH cDNA se-
quence did not occur as a result of Taq polymerase or RTerror,
the clones were derived from eight different PCRreactions us-
ing four different RT-cDNA preparations as templates. Se-
quence analysis of 13 clones revealed the existence of two dis-
tinct populations of cDNAof almost equal frequency. Wedes-
ignated these two cDNA populations allele 1 (six clones of
which two were full-length cDNAs) and allele 2 (seven clones
including a third full-length cDNA). It should be noted that
polymorphic changes in nucleotide sequence as well as the two
mutations described below were specific and distinct between
alleles 1 and 2.

Sequence analysis of allele 1. The control LH cDNA se-
quence codes for a 727-amino acid protein beginning with an
18-amino acid signal peptide. It contains 10 cysteine residues,
some of which are thought to be important for Fe2' binding
( 12). It also contains 4 possible sites for asparagine-linked oli-
gosaccharide attachment ( 12). These cysteine and asparagine
residues were unchanged in allele 1. The most significant
change in allele 1 (Fig. 1, boxed) from control LH cDNA is a
triplet deletion of bases GAGat nt 1618-1620 that would re-
sult in the in-frame loss of residue Glu532 (Fig. 2). The pre-
dicted amino acid loss is positioned 6 amino acids 5' to one of
the four asparagine-linked oligosaccharide attachment sites.

Other, presumably less significant, base changes identified in
allele 1 (Fig. 1) include a G3,9 -- A substitution which would
give an Alagg -* Thr change. This appears to be a polymor-
phism since the presence of A319 in addition to G319 was ob-
served in LH clones from a normal human placental library
( 17). In addition, a G382-* T substitution results in a predicted
Ala120 Ser amino acid change in allele 1 as well as a conserva-
tive A1656 -] C base change.

Sequence analysis of Allele 2. The most significant differ-
ence in the cDNAfor allele 2 from control human LH cDNAis
a G2056 - A base change (Fig. 1, boxed) that would give a
predicted Gly678 -- Arg amino acid change (Fig. 2) in a highly
conserved region (27). The mutation is adjacent to a cysteine
residue at position 680 and is six amino acids upstream of an
asparagine-linked oligosaccharide attachment site. The other
two conservative base changes of C318 -- T and C1230 T do
not produce codon changes and have been previously reported
(12, 18).

Identification of inheritance ofthe alleles by restriction anal-
yses. Both the deletion of the triplet at nt 1618-1620 in allele 1
and the G2056 -- A base change in allele 2 create new restriction
sites recognized by Mbo II (recognition sequence
GAAGA(N)80) and Alw N I (recognition sequence
CAG(N)34CTG) respectively (Fig. 3 A). A 704 bp region be-
tween nt 1498 and 2202 covering both sites was amplified by
PCRfrom the cDNAs of a control donor, the proband and his
parents, and the cDNAclones from alleles 1 and 2.

As shown in Fig. 3 B(i), Mbo II digests the cDNAfrom the
control nucleotide sequence (lane a) into two fragments of 507
and 197 bp. In allele 1, the 197-bp fragment is foreshortened to
194 bp because of the deleted triplet and introduces a new Mbo
II site which produces smaller fragments of 128 and 66 bp (lane
b). Allele 2 has a similar Mbo II restriction pattern (lane c) as
the control allele. The restriction fragments of 507, 197, 128,
and 66 bp observed in the cDNA from the proband (lane d)
confirmed that the proband was a heterozygote for the normal

Control Figure 1. Nucleotide and
V V predicted amino acid changes

Phe98 Ala99 Ala120 Asn402 GIU5S2 AlaU4 GlyO78 in alleles 1 and 2 isolatedPh98 Ala Al120 4s902 53u2 Al5 1y7 from the cDNA from fibro-
-A TG T T C-GJC A G C C AAC-GAG---GCA GGG TAA- blasts from an EDSVI pa-

tient (AT750) compared
with the sequence of LH

Allele 1 cDNA isolated from fibro-
Thrn Ser120 Ala5 blasts from a control donor
* * 532 * (GM05659). ATGand TAA

-ATG A CA T C C gag GCC TAA represent the start and stop
codons of the sequences re-
spectively. Line 1, represent-

Allele 2 ing the sequence of control
Phege Asn4O2 Arg.7. LH cDNA, shows the nu-

* *sn402 *rg678 TAA- cleotide bases (numbered,
-AT G--T T T AAT AGG-T A A- below line) which are

changed in alleles 1 and 2.
The amino acid residues predicted from the codons are shown numbered above the line. The solid line represents unchanged DNAsequences
and is not drawn to scale. The region between v and v represents the 99% conserved region between amino acid residues 639-715 (27). Allele
1 (line 2) and allele 2 (line 3) were isolated by RT-PCR from EDSVI cDNA, and LH clones subsequently identified and sequenced as described
in Methods. Asterisks indicate base changes in each allele that were distinct between allele 1 and allele 2. The boxed areas show significant
codon changes in alleles 1 and 2. In allele 1, the boxed area represents the in-frame loss of the triplet (gag) between nt 1618 and 1620 which re-
sults in the loss of Glu532. The boxed area in allele 2 represents the change of Gly678 -> Arg resulting from a G2056 -- A mutation. The sequences
of the boxed areas in alleles 1 and 2 are shown in Fig. 2.
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Figure 2. (A) Nucleotide sequence of the region of cDNA in which
the triplet GAGcoding for Glu532 is deleted in allele 1 but present in
allele 2 and control LH cDNA sequence. The asterisks represent de-
leted bases in allele 1 corresponding to codon GAG(-I [) in allele
2. Note: direct repeats (underlined as follows) flanking and including
deleted triplet ***(gag) in allele 1 5'GAAGgagAAG3'. (B) Nucleo-
tide sequence of the region of cDNA in which a single base mutation
G -- A in allele 2 results in a Gly678 -* Arg change. The sequence

shown is the noncoding strand. The asterisk represents, in the coding
strand, the substitution of an A in allele 2 for the normal Gpresent
in allele I and control LH cDNAsequence which converts the codon
of GGGfor glycine at amino acid residue 678 to AGG, a codon for
arginine. Note: this occurs in a CGdinucleotide region resulting in
CG e CA*.

and GAG-deleted nucleotide sequence. A pattern similar to the
proband was observed with the cDNA from the proband's
mother (lane f), whereas the father's cDNA gave a normal
restriction pattern (lane e). In Fig. 3 B(ii), Alw N1 does not
cut the 704-bp cDNAfragment from the control allele (lane a)
or allele I (lane b), whereas it digests allele 2 into two frag-
ments of 562 and 142 bp (lane c). Digestion of the proband's
cDNAgave three fragments of 704, 562, and 142 bp (lane d),
confirming that the proband was a heterozygote for the new

Alw N1 restriction site. A similar restriction pattern of the fa-
ther's cDNAshowed the presence of allele 2 (lane e) which was

absent in the mother (lanef). These digests confirm that both
abnormal alleles are present in the proband's cDNAand that

the proband has inherited allele 1 (E532del) from his mother
and allele 2 (G678R) from his father.

Discussion

The biochemical basis for EDSVI was first described in 1972
by Pinnell et al. (6) in which they demonstrated that dermal
fibroblasts from patients with EDSVI had decreased LH activ-
ity (6). In the present study, we describe one patient with the
clinical features of EDSVI whose cultured skin fibroblasts have
only 24% of LH to PH activity compared with that of control
( 19). Through RT-PCR techniques, we have cloned the
cDNAs from the two alleles of LH from this patient and have
identified different mutations in each allele that may contrib-
ute additively to the patient's clinical phenotype.

Wehave shown that one allele (allele 1) isolated from this
patient's LH cDNAcontains a significant triple-nucleotide de-
letion that would result in the predicted loss of a glutamic acid
at residue 532 (E532del). The region in which this triple dele-
tion occurs contains a direct symmetrical repeat of -GAAG-
(Fig. 2), which may predispose this sequence, if it is unin-
terrupted in the LH gene, to a deletion-type mutation. This has
been reported in several other such mutated sequences in
which short direct repeats flank a deletion (28). In allele 1, this
deletion would appear to be the major contributor to the pa-

tient's disease phenotype; however, as the tertiary structure of
LH is not yet known, the precise effect of this deletion on the
functional site of the enzyme cannot be presently determined.
Other minor base changes identified in allele 1 include a poly-
morphism and a conservative base change. The significance of
the Ala -> Ser codon change is presently unknown. This
change has not been observed in sequence analysis of six LH
alleles from control fibroblasts ( 13); however, it is unlikely to
produce a functional change in LH since there is no charge
change and this region of the protein is not conserved (27).

Sequence analysis of the other allele (allele 2) reveals both
polymorphic differences from control cDNAand a significant
mutation which are not present in allele 1. The most significant
mutation in allele 2 is a single-base transition giving rise to a

Gly678 Arg (G678R) change. Interestingly this change of a

CG2056 CA occurs at a CpG dinucleotide site. Such CpG

repeats are implicated as hot spots for mutations involving sin-
gle base pair substitutions and are linked to human genetic
disease (29, 30). This mutation disrupts a triple glycine peptide
sequence in a highly conserved area of the primary structure of
the enzyme (27). In this region between amino acids 639 and
715, the polypeptide sequences of chick and human LH are

99% identical. Significantly this highly conserved region of the
LH gene containing the mutation appears to encompass the
catalytic site of the enzyme (27). A recent comparison of
amino acid sequences of several a-ketoglutarate-coupled diox-
ygenases, revealed two histidine motifs that are highly con-

served (27) and apparently important for catalytic activity of
these enzymes. In human LH cDNA, these histidine residues
are at positions 657 and 708 located within the 99%conserved
carboxyl terminus. It therefore appears likely that the location
of this mutation between two important histidine motifs in a

highly conserved region of the carboxyl terminus contributes
significantly to loss of LH activity in fibroblasts from this pa-
tient. Two other polymorphic changes in allele 2 occur at the
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Figure 3. Analysis of Mbo II- and Alw NI-digested PCRproducts from LH cDNA of proband and his parents and the cDNAclones from the
proband's two mutant alleles. (A) Restriction maps. (i) The Mbo II restriction of the PCR-amplified region in the control allele and the abnormal
alleles 1 and 2. The arrows indicate the boundaries of the 704-bp sequence amplified by PCR. Fragment sizes are marked in base pairs below
the line. Mrepresents the restriction site in the control sequence and Mindicates the new restriction site in allele 1. (ii) The Alw Nl restriction
of the similarly amplified regions represented by arrows as shown for Mbo II. Alw Nl does not cut the control sequence and A indicates the
new restriction site in allele 2. (B) The family pedigree is shown at the top; the mutant alleles are shaded in black and numbered as 1, and 2.

(i) Mbo II digests of PCRproducts amplified from cDNAfrom a control donor (lane a), individual alleles 1 and 2 from proband (lanes b and

c), proband (lane d), father (lane e), and mother (lanef) were separated by gel electrophoresis. Uncut cDNAis on the left of the gel. The sizes

(bp) of the uncut and Mbo II restriction fragments are marked on the right of the gel. *The 66- and 128-bp fragments created by the triplet
deletion in allele 1. Note: at digestion times of > 30 min, Mbo II appears to cut at an unpredicted, less specific second recognition sequence
producing a 300-bp fragment, with a corresponding decrease in the 507-bp fragment over time. (ii) Alw NI digests of PCRproducts amplified
as described for Mbo II. *The 142 and 562 bp fragments created by the single base change in allele 2.

third position of the triplet codon but do not change amino
acid sequence.

The autosomal recessive nature of EDSVI suggested by a

comparison of the LH and PH activities in the parents' fibro-
blasts (father 52%; mother 86%) with that of the proband
(24%) was confirmed by restriction analysis showing that the
E532del (allele 1) was inherited from the proband's mother
and the G678R mutation (allele 2) from the father. The pres-

ence of an apparently normal allele in each parent, who are
clinically normal, was also confirmed. The presence of one
normal and one mutant allele would enable each parent to
express normal, heterozygous, and homozygous abnormal LH
dimers in contrast to the proband, whose array of holoenzymes
(E532del/E532del; E532del/G678R; G678R/G678R) would
all be abnormal. The partially reduced levels of LH activities in
the parental cells (19) have been recently confirmed in our
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laboratory (S. Murad, unpublished observations); a compari-
son of the LH activities in each parent's fibroblasts with their
respective mutations may reflect the degree of the disruption
caused by each mutation on the enzyme's functional sites. Our
findings suggest that the paternal G678Rmutation in the con-
served region of LH is more deleterious to enzyme function
than the E532del in the maternal allele; however, the struc-
ture-function mechanism remains to be determined.

In conclusion, we have found two different mutations for
the LH gene in fibroblasts from a patient with EDS VI. This
study represents the first example of compound heterozygosity
for the LH gene identified in a patient with EDS VI and it
would appear that there is an additive effect of each mutant
allele on clinical expression in the patient. Determination of
the catalytic activity of these alleles, expressed individually and
together in a system such as baculovirus will enable us to assess
the relative effect of each mutation and thus further our under-
standing of the structural biology of this important enzyme in
collagen biosynthesis.
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