Uroporphyrinogen Decarboxylase: A Splice Site Mutation Causes
the Deletion of Exon 6 in Multiple Families with Porphyria Cutanea Tarda

James R. Garey, Lyle M. Harrison, Kerry F. Franklin, Kathy M. Metcalf, Evette S. Radisky, and James P. Kushner
Division of Hematology, University of Utah School of Medicine, Salt Lake City, Utah 84132

Abstract

Uroporphyrinogen decarboxylase (URO-D) is a cytosolic
heme-biosynthetic enzyme that converts uroporphyrinogen to
coproporphyrinogen. Defects at the uroporphyrinogen decar-
boxylase locus cause the human genetic disease familial por-
phyria cutanea tarda. A splice site mutation has been found in a
pedigree with familial porphyria cutanea tarda that causes
exon 6 to be deleted from the mRNA. The intron/exon junc-
tions on either side of exon 6 fall between codons, so the re-
sulting protein is shorter than the normal protein, missing only
the amino acids coded by exon 6. The shortened protein lacks
catalytic activity, is rapidly degraded when exposed to human
lymphocyte lysates, and is not detectable by Western blot anal-
ysis in lymphocyte lysates derived from affected individuals.
The mutation was detected in five of 22 unrelated familial
porphyria cutanea tarda pedigrees tested, so it appears to be
common. This is the first splice site mutation to be found at the
URO-D locus, and the first mutation that causes familial por-
phyria cutanea tarda to be found in more than one pedigree. (J.
Clin. Invest. 1990. 86:1416-1422.) Key words: point mutation
« exon skipping * polymerase chain reaction + genetic disease
heme biosynthesis

Introduction

Uroporphyrinogen decarboxylase (URO-D)! is the fifth en-
zyme in the heme biosynthetic pathway and catalyzes the re-
moval of four carboxyl groups from uroporphyrinogen to form
coproporphyrinogen. The carboxyl groups are removed in a
stepwise fashion from the acetate moiety of each of the pyrrole
rings that make up the porphyrin macrocycle (1). The mecha-
nism and number of catalytic sites are unknown, but models
have been proposed with from one to four active sites (2-4).
Unlike other decarboxylases, no cofactors are involved in ca-
talysis (1). The cDNA and gene for human URO-D have been
isolated and sequenced (5, 6). The human enzyme is a single
polypeptide of 367 amino acids with a molecular weight of
40,831.
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Two human diseases, familial porphyria cutanea tarda (f-
PCT) and hepatoerythpoeitic porphyria (HEP), are associated
with inherited defects of URO-D (7, 8). In f-PCT, the defect is
inherited as an autosomal dominant trait and URO-D activity
is usually half-normal in all tissues both by immunoreactive
and catalytic assays. In HEP, URO-D activity is usually 5-10%
normal and the disorder is due to the inheritance of mutant
alleles from each parent (8). The dermal photosensitivity and
uroporphyrinuria characteristic of both diseases are more pro-
nounced in HEP than in f-PCT. A point mutation in the cod-
ing region of the URO-D gene has been identified in HEP (281
gly—>glu, reference 8), which produces a catalytically active
but unstable protein. We previously described a point muta-
tion in a family with f-PCT. The mutation resulted in a single
amino acid change at position 281, but the substitution (281
gly—>val, reference 9) was different from the one described in
HEP. This mutation also resulted in a catalytically active but
unstable protein. The 281 gly—>val mutation could not be
identified in other pedigrees with f-PCT suggesting that f-PCT,
like HEP, is genetically polymorphic (9).

Northern and Southern blotting experiments (10) have
shown that there are no major deletions or rearrangements at
the URO-D locus in families with f-PCT and that URO-D
mRNA is present in normal amounts (11). The URO-D gene
is ~ 3 kb in length and includes 10 exons (6). We describe here
the characterization of a point mutation that causes the dele-
tion of exon 6 from URO-D mRNA derived from a previously
described pedigree with f-PCT (pedigree A, reference 11). This
point mutation was identified in five of 22 unrelated pedigrees
with f-PCT. '

Methods

¢DNA synthesis, PCR amplification, cloning, and sequence analysis.
Guanidine HCIl was used to extract total RNA from Epstein-Barr (EB)
virus transformed lymphocytes derived from the proband (11). 2 ug of
total RNA were used as a template for single-stranded cDNA synthesis
(12), and Y5 of the resulting cDNA was used as template for PCR
amplification (13). Numbering of URO-D cDNA follows that of
Romeo et al. (5). Two oligonucleotides were used to prime the PCR.
The first (5-CCGGAATTCAGACAGCTGACCATGGAAGCG-3')
corresponds to the extreme 5’ region of URO-D mRNA (nucleotides
7-27 of the original URO-D cDNA sequence in reference 5) with the
addition of an Eco RI linker sequence to the 5’ end. The second oligo-
nucleotide (5-CCCAAGCTTCGATCAATCATCTGTGTTAGT-3')
corresponds to the opposite strand in the 3' untranslated region (nu-
cleotides 1148-1168) with the addition of an Hind III linker sequence.
The PCR amplification reactions were carried out in a thermal cycler
(Perkin-Elmer Corp., Norwalk, CT) 30 times (1 min at 90°C denature,
1 min at 55°C anneal, 3 min at 70°C extension). An aliquot of the
PCR products were analyzed by electrophoresis on 1% agarose gels,
and the remaining material was digested with Hind III and Eco RI and
cloned into pBluescript KS. Sequencing was carried out completely in
both directions by the chain termination method (14) from pBluescript
using a variety of custom oligonucleotide primers with Sequenase (US



Biochemical Corp., Cleveland, OH). Genomic DNA derived from the
proband was PCR amplified as above but using different oligonucleo-
tides. The first (5-CCGGAATTCGAAGAGCAGGACCTAGAA-
GCG-3', nucleotides 358-378) corresponds to the middle of exon 4
with the addition of an Eco RI linker sequence) and the second (5'-
CCCAAGCTTGGCCACATCACGGATGTAAGG-3', nucleotides
720-740) corresponds to the opposite strand in the middle of exon 7,
with the addition of an Hind III linker sequence. The amplified DNA
was cloned and sequenced as described above.

Northern analysis. 20-ug samples of total RNA derived from EB-
transformed lymphoblasts from either normal or affected members of
the pedigree were electrophoresed in 1% agarose gels containing for-
maldehyde (15). The RNA was transferred to nitrocellulose mem-
branes and subjected to hybridization by 32P-labeled (16) URO-D
cDNA at 42°C. The filters were washed at room temperature in 2X
SSC, 0.1% SDS two times for 30 min, and at 60°C two times for 30 min
in 0.2X SSC, 0.1% SDS. The filters were exposed to x-ray film for 3 d
with an intensifying screen.

Screening other individuals for the mutation. Genomic DNA from
three normal individuals, nine affected members from the same pedi-
gree, and 21 unrelated affected individuals were PCR amplified as
described above. The amplified products were slot-blotted to nitrocel-
lulose filters and hybridized with a 32P-labeled oligonucleotide that
contained the mutation (5-GTGCCCAGCTGAGTCCT-3', the exon
6-intron 6 junction, see Results) as described previously (9). The blots
were stripped and rehybridized with a normal probe (5-GTGCCC-
AGGTGAGTCCT-3'). Hybridization and washing conditions were as
previously described (9).

In vitro degradation studies. RNA was made by transcribing
cDNAs from pBluescript KS in vitro using T7 RNA polymerase after
linearization of the plasmid with Eco RI (17). 3*S-Methionine-labeled
URO-D was translated from RNA transcripts of cloned normal and
mutant cDNA (9) using rabbit reticulocyte lysates (Promega Biotec,
Madison, WI). 6 ul of the translation mix was added to 160 ul of lysate
(6 mg/ml protein) from lymphoblasts derived from the proband, and
aliquots of 20 ul were removed after 0, 4, 8, 12, and 16 h of incubation
at 37°C (9). The samples were electrophoresed on 10% SDS gels (18)
and the amount of labeled URO-D quantified at each time point by
densitometry of the autoradiogram.

Bacterial expression of URO-D ¢cDNA. URO-D cDNA s represent-
ing the normal allele and the mutant allele were cloned directionally
into the bacterial expression vector pKK233-2, containing the ¢rc pro-
motor (19). The plasmids were then transformed into E. coli strain
JM101 which were grown in Luria-Bertani medium containing ampi-
cillin to an optical density at 600 nm of 0.4, and induced by the
addition of IPTG to a final concentration of 0.1 mM. The cells were
grown an additional 3 h and harvested.

Western blotting. Bacterial pellets containing recombinant human
URO-D were prepared by washing the pellet from a 10-ml culture in
10 mM Tris-HC], pH 7.5, 5 mM MgCl,, resuspending the pellet in 200
ul of the same buffer and boiling for 3 min. The lysates were cooled on
ice and treated with 10 ul of 1 mg/ml DNAase I for 15 min at 20°C and
50 ul of 4X SDS sample loading buffer (18) added. Samples were boiled
for 2 min and 40 ul of each was electrophoresed for 4 h in 10% SDS gels
at a constant current of 40 mA. Western blotting was carried out and
URO-D was visualized by autoradiography of the blots after processing
with a rabbit anti-human-URO-D serum and '?’I-labeled protein A
(20). Western blots were carried out in a similar manner from total
protein recovered after lysis of EB virus transformed lymphoblasts
derived from affected and unaffected members of the pedigree.

URO-D activity measurements. URO-D catalytic activity was de-
termined using two different substrates, uroporphyrinogen I and pen-
tacarboxyporphyrinogen I as previously described (11, 21). Bacterial
pellets containing human mutant, normal, or no recombinant URO-D
(see above) were lysed by the use of an X-press (AB BIOX; Jarfalla,
Sweden), the lysate cleared by centrifugation at 14,000 g for 20 min at
4°C, and the total protein determined (22). 0.3 mg total protein was

used for each assay. Porphyrins from the assay were analyzed by
HPLC, and nanomoles of decarboxylated porphyrins calculated. All
results are given as nanomoles of decarboxylated porphyrins per mi-
crograms total protein per hour. The assays cannot distinguish activity
of recombinant human URO-D from that of native bacterial URO-D
so assays were done on bacterial lysates which did not contain the
expression vector as a control.

Results

URO-D cDNAs derived from an affected member of a f-PCT
pedigree were polymerase chain reaction (PCR) amplified and
revealed two sizes of URO-D ¢cDNA upon agarose gel electro-
phoresis (Fig. 1 4). Northern analysis was carried out on total
RNA from both normal and affected individuals and the re-
sults suggested that the size difference found in the PCR-
amplified cDNA was also present in the mRNA. The limited
resolution of formaldehyde-agarose gels used for northern
analysis, however, did not clearly separate the two URO-D
mRNA species (Fig. 1 B). The PCR amplified URO-D cDNA
was then cloned into pBluescript, and plasmid DNA purified
from individual clones used as template for sequencing. Se-
quence analysis of eight individual clones revealed that three
clones contained a deletion of 162 bases from positions
491-655. This corresponded exactly to exon 6 of the URO-D
gene (Fig. 2). Several clones of each size were sequenced to
determine if possible point mutations were due to PCR errors
or were real mutations. No new point mutations were found in
either allele, although several silent mutations and an A—>G
change at position 325 (resulting in a ser—gly substitution
found in other normal URO-D cDNAs, reference 9) were
noted in both alleles.
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Figure 1. (4) PCR amplification products of cDNA derived from
lymphoblasts of a normal (lane /) and affected individual (lane 2)
were electrophoresed on a 1% agarose gel and visualized by ultravio-
let fluorescence. Solid arrows indicate the normal size cDNA; open
arrow indicates the abnormal cDNA. Lane M indicates molecular
weight markers in kilobases. (B) Northern blot of total RNA derived
from a normal (lane /) and an affected individual (lane 2). Solid
arrows indicate the normal size message; open arrow indicates the
abnormal message. Lane M shows the position of molecular weight
markers in kilobases.
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Figure 2. Normal and abnormal splicing patterns of URO-D pre-
mRNA. The position of the G—>C mutation at the 5' end of intron 6
is indicated.

PCR amplification was carried out using oligonucleotide
primers specific for the URO-D gene from the middle of exon
5 to the middle of exon 7. The PCR products were cloned and
sequence analysis of individual clones indicated that three of
the clones were completely normal at their intron-exon junc-
tions while five contained a G—C point mutation at the first
position of the 5’ end of intron 6 (Fig. 3).
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Figure 3. The sequence of a portion of the URO-D gene. Exon and
intron locations are indicated on the left. Introns are in lower case
and exons in uppercase. The arrow indicates the G—=C mutation at
the 5’ end of intron 6 (position 471). The most likely branch point
sequence in intron 5 is indicated by the broken underlining. It differs
from the consensus sequence at only one position and is followed by
a polypyrimidine tract. All of the sequences that match the branch
point consensus sequence in intron 6 are underlined. Numbering in
this figure does not coincide with that used for the URO-D cDNA
sequence.
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In vitro translation was carried on RNA transcribed from
pBluescript containing either the normal or the mutant cDNA
sequence. Electrophoresis of the labelled in vitro translation
products on 10% polyacrylamide gels revealed that the deleted
cDNA produced a shortened URO-D protein (Fig. 4 A). The
normal and deleted cDNAs were cloned into the bacterial ex-
pression vector pKK233-2. Western blot analysis of lysates
from bacteria expressing the normal and deleted cDNAs were
found to produce the normal and shortened URO-D protein
(Fig. 4 B). To determine if the shortened URO-D was stable in
the cell, we carried out two experiments. In the first, Western
blots were carried out on lysates from lymphoblasts derived
from affected and unaffected members of the pedigree using a
rabbit anti-URO-D antibody. These showed that URO-D
protein in affected individuals is roughly half that in normal
individuals and no band was visible that corresponded to the
mutant protein (Fig. 4 C). In the second experiment, in vitro
translated 3°S-labeled normal and mutant URO-D proteins
were exposed to lymphocyte lysates, aliquots removed every 4
h for 16 h, and then subjected to electrophoresis on acrylamide
SDS gels. The amount of URO-D remaining at each timepoint
was determined by densitometry of the autoradiograms (Fig.
5). Linear regression analysis of the data indicated a half-life of
69 h for the normal protein and 19 h for the mutant protein.

Bacterially expressed normal and shortened URO-D pro-
teins were assayed for URO-D catalytic activity using either
uroporphyrinogen (octacarboxyl) or pentacarboxylporphyrin-
ogen as substrates. The assay cannot distinguish between bac-

Figure 4. (A) In vitro translation products of RNA derived from
cloned normal and mutant URO-D cDNA. The radio-labeled prod-
ucts were run on a 10% SDS acrylamide gel and fluorographed. Lane
1 contains URO-D protein made from normal cDNA (solid arrow),
lane 2 contains URO-D protein made from mutant cDNA (open
arrow). Lane M indicates the positions of molecular weight markers
in kilodaltons. The bands nearest the bottom edge of the figure are
unincorporated amino acids. (B) Bacterially expressed normal and
mutant URO-D were analyzed by Western blot. Lane I shows nor-
mal human URO-D (solid arrow), lane 2 shows mutant human
URO-D (open arrow), and lane M indicates the position of molecular
weight markers in kilodaltons. (C) Lymphocyte lysates from normal
and affected individuals were subjected to Western blot analysis. The
samples were normalized to equal total protein concentration. Lane
1 shows URO-D protein (solid arrow) from a normal individual;
lanes 2-4 show URO-D protein from affected individuals. Lane M
indicates the position of molecular weight markers in kilodaltons.
Open arrow indicates the expected position of the mutant protein.
The fainter bands in the lower half of the gel may be URO-D degra-
dation products and were seen in lysates from both normal and af-
fected individuals.
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terial and human URO-D activity, so assays were also per-
formed on bacterial lysates derived from cultures that did not
have the expression vector. The normal length URO-D had
significant levels of catalytic activity with both substrates,
while the mutant URO-D protein had no activity with either
substrate. The bacterial control also had no measurable activ-
ity (Fig. 6).

Dot blots of PCR amplified DNA from nine affected and
two normal individuals of the pedigree and from 21 unrelated
individuals with familial PCT were hybridized with an oligo-
nucleotide probe that corresponded to the mutant DNA se-
quence. Results (Fig. 7 A) indicated that all nine affected indi-
viduals from the pedigree had the same mutation. DNA from
the two normal individuals did not hybridize to the mutant
probe. DNA from affected members of four other unrelated
PCT pedigrees hybridized to the mutant probe. The dot blots
were stripped and rehybridized with a similar oligonucleotide
probe that matched the normal sequence. This probe hybrid-
ized to all of the DNA samples (Fig. 7 B), as expected in
heterozygotes for a dominantly inherited trait. An internal
control of cloned mutant genomic DNA was also dot blotted,
and as expected, hybridized with the mutant probe but not the
normal probe (Fig. 7).

Discussion

This is the first splice site mutation to be found at the URO-D
locus. Previously described mutations at the URO-D locus
have been point mutations in coding regions causing instabil-
ity of the mutant URO-D protein (8, 9). An interesting feature
of this splice site mutation is that an exon is deleted during
splicing. The intron-exon junctions on either side of the miss-
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Figure 7. Slot blots of the PCR-amplified affected region of the
URO-D gene. 4 shows the blot hybridized with the mutant probe
and B shows the same blot hybridized with the normal probe. Row I
has DNA from normal and affected individuals of the original pedi-
gree in which the mutation was found as indicated. Rows II and III
are DNA from individuals from 21 other unrelated PCT pedigrees.
Row III also contains cloned mutant genomic DNA as a control. As
expected for a heterozygous mutant, all of the samples hybridized to
the normal probe in B except for the cloned mutant control, and
positive signals in A indicate individuals that contain the described
mutation.

ing exon occur between codons, so the reading frame is main-
tained and the resulting protein matches the normal protein
except for amino acids encoded by the missing exon. Most
reported splice site mutations result in messages with frame
shifts induced by unspliced introns or by new exon boundaries
that no longer conserve the reading frame (23).

Some conclusions can be drawn about the URO-D splicing
mechanism. Because the only aberrant cDNA observed was
characterized by the absence of exon 6, there are probably no
usable cryptic splice sites in the affected region of the URO-D
gene. Most reported splice site mutations, especially those of
the globin genes, cause a nearby cryptic splice site to be used
which results in mRNA that retains part of an intron or lacks
part of an exon (24). Splice site sequence requirements have
been studied extensively with in vivo and in vitro splicing
systems (23, 25). Site directed mutagenesis of conserved se-
quences at the 5’ intron splice site have revealed that exon
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skipping rarely occurs with in vivo systems but is common
with in vitro splicing systems (25). Naturally occurring splice
site mutations that lead to exon skipping have rarely been
reported (26). Mutations causing the skipping of exons 6 and
28 in the pro-a2(I) collagen chain mRNA have been reported
(26, 27). Each of these mutations caused an in-frame exon
deletion which resulted in short, inactive proteins. Tromp and
Prockop (26) suggested that the preferred splicing pathway for
a gene determines if an exon will be skipped or an intron will
be left in the aberrant mRNA. In the case of the URO-D
mutant described here, the preferred pathway would be to
remove intron 6 before intron 5. If intron 5 were normally
removed first, then exon 6 would be retained and intron 6
would likely fail to splice and remain in the mutant mRNA.
Our data are consistent with the hypothesis that splicing of one
intron in a multi-intron gene is dependent on the splicing of at
least some of the other introns.

Several other factors could be invoked to explain how exon
6 in the URO-D pre-mRNA is skipped. First, we assume that
the cell will attempt to splice out intron 6. The G—=C mutation
would prevent this if no cryptic splice sites were available so
the next splice attempt would be intron 5. Why would the
splicing of intron 5 include exon 6 and intron 6? In vitro
splicing studies have shown that 5’ intron mutations that lead
to skipping of the previous exon cause a superlariat that in-
cludes the preceding intron and exon as well as the following
intron (25). One possibility is that the lariat branch point se-
quence of the normally spliced intron 5 may be “out-com-
peted” by the branch point sequence in intron 6. In the ab-
sence of the mutation, intron 6 would be spliced out first and
the lariat branch site would be unavailable to compete during
the splicing of intron 5. In the URO-D gene, there is no se-
quence in intron 5 that completely matches the consensus
YNYURAY branch point sequence (28, 29) but several such
sequences are present in intron 6 (Fig. 3). Branch point se-
quences are usually 18-37 nucleotides upstream from the 3'
splice site (28), but in some cases the branch point is much
further away (30). In either case, the polypyrimidine tract is
usually adjacent (downstream) to the branchpoint sequence.
Intron 6 does not contain a polypyrimidine tract adjacent to
any of the putative branch point sequences. Therefore, it is
problematic to assign branch point sequences in either intron
5 or 6 based on sequence alone. Branch point sequences are
not well conserved in higher eukaryotes, and site-directed mu-
tagenesis of branch points have shown that deviating from the
consensus branch point sequences does not completely inhibit
splicing (29, 31). Some studies have shown that better con-
sensus branch point sequences lead to more efficient splicing
(29), which could explain our results.

The most important factor in determining the result of a 5’
intron splice site mutation seems to be whether or not cryptic
splice sites are present (23). If none are available, the possible
effects of the mutation would be to leave the intron in or to
include the preceding intron and exon in the lariat to form a
superlariat, thus skipping the exon (25, 26). The next impor-
tant factor may be the preferred splicing pathway (32). The
normal order of splicing would determine if an exon were to be
skipped. If the preceding intron were already removed, super-
lariat formation could not occur. If it had not yet been spliced
then superlariat formation could occur possibly by branch
point competition or some other mechanism (Fig. 8).
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Figure 8. Proposed chain of events that show the result of various
types of splice site mutations.

The amount of URO-D protein measured by immunoelec-
trophoresis in affected members of the pedigree described here
was half normal, as was URO-D catalytic activity (11). How-
ever, the amount of URO-D mRNA measured by densitome-
try of Northern blots (11) was normal in affected pedigree
members, indicating that the mutation does not affect the sta-
bility of the mRNA. The shortened protein is less stable in
vitro than the normal protein, but it may be difficult to com-
pare protein half lives measured in vitro with in vivo measure-
ments. We have previously noted that the in vitro measure-
ment of a mutant URO-D protein indicated an 8-h half-life of
URO-D, whereas in vivo measurements from pulse-chase ex-
periments in cultured lymphocytes indicated a much shorter
half-life, substantially less than 4 h (9). Western blot analysis of
lymphocyte lysates derived from affected pedigree members
revealed that steady-state amounts of URO-D protein are
about half that of normal members and there was no band
corresponding to the mutant protein, indicating that steady-
state levels of the mutant protein in vivo is very low. On the
basis of our Western blots, previous immunoelectrophoresis
experiments (11), and our in vitro measurements we conclude
that the shortened protein is rapidly degraded in the cells.

The half-normal amount of URO-D enzyme does not ex-
plain the accumulation and excretion of uroporphyrin as
URO-D is not the rate-limiting step in heme biosynthesis (33).
Substrate accumulation is organ specific, occuring only in the
liver, implying that URO-D does become rate limiting in he-
patocytes of patients expressing the f-PCT clinical phenotype.
The finding of half-normal activity of URO-D in liver biopsy
specimens from patients with f-PCT may represent an artifact
as the assay is carried out ex vivo with diluted liver homoge-
nates. Under the assay conditions putative URO-D inhibitors
(such as iron, porphyrins, or other compounds) would also be
diluted. In patients clinically affected with f-PCT, one must
assume that the product of the normal allele is inhibited by
some unknown mechanism. This is illustrated by the observa-
tion that many carriers of defective URO-D alleles never de-
velop clinical symptoms.



The active site of URO-D is unknown although experi-
ments with sulfhydryl-modifying agents indicate that cysteine
residues may be involved (34). Kinetic data of purified bovine,
chicken, and human URO-D suggest that there may be more
than one active site, one catalyzing the initial decarboxylation
of uroporphyrinogen and the others decarboxylating interme-
diates leading to the final product, coproporphyrinogen
(34-36). We measured catalytic activity of the shortened
URO-D with two different substrates to determine if the mu-
tant protein could decarboxylate one substrate but not an-
other. The results indicate that the shortened protein cannot
decarboxylate uroporphyrinogen or pentacarboxyporphyrino-
gen. The deletion of 54 amino acids from URO-D could signif-
icantly alter the tertiary structure of the protein, so it is not
surprising to find a total loss of catalytic activity. We can draw
no conclusions about the number or position of the active
site(s) from our results.

This is the first mutation responsible for PCT to be found
in more than one pedigree. It was found in five of 22 pedigrees
tested. Most of these pedigrees were collected in a single geo-
graphic region of the United States. It is possible that at least
some of the pedigrees are related, but no evidence of this was
found in their family histories. Homozygous defects at the
URO-D locus have been shown to cause HEP, a very rare (17
cases reported worldwide as of 1987, reference 37) disease. The
mutation causing HEP that has been characterized to date
produced unstable but active URO-D (8) so that some residual
steady-state catalytic activity remained. The splice site muta-
tion we have described would probably not be found in a
homozygous state because the mutant gene product is totally
inactive, and homozygosity would be lethal. If the majority of
f-PCT cases are caused by splice-site mutations with a similar
effect, then this would explain the rarity of reported HEP.
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