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ABSTRACT

During a study of the gene coding for a-galactosidase
(EC 3.2.1.22), the lysosomal enzyme deficient in Fabry's
disease, RT-PCR ampification of a-galactosidase
mRNAs obtained from three different tissues isolated
from males revealed a substantial number of clones
with a U to A conversion at the nucleotide position 1187.
Such a modification of the coding sequence would
resuit In an amino acid substituion in the C-terminal
region (Phe396Tyr) of the enzyme. Neither PCR analysis
of the genomic sequence nor the RT-PCR ampiffication
ofRNA obtained by in vitrotranscription of the wild-type
cDNA showed this change in the sequence. Multiple
genes, pseudogenes or alleic variants were excluded.
Hence, we propose RNA editing as a mechanism
responsible for this base change in the a-galactosidase
RNA.

INTRODUCTION

Fabry's disease is an X-linked recessive disorder of the glyco-
sphingolipid metabolism which results from the deficient activity
of ax-galactosidase (EC 3.2.1.22), a lysosomal enzyme (1). The
gene has been assigned by physical mapping to Xq22. 1 (2), the
genomic sequence reveals 7 exons spanning -10 kb (3) and its
promoter shows the characteristics of a housekeeping gene. The
processed mRNA of 1287 nucleotides (nt) codes for a protein of
429 amino acid (aa) residues, including a 31 aa signal peptide.
The sequence of the full-length cDNA encoding the mature

enzyme was derived from clones obtained from a human fibroblast
cDNA library (4,5). The most unusual feature found in all these
clones was the absence of a 3' untranslated sequence, with the
polyadenylation signal included in the coding region and with the
stop codon being followed by the poly-A tail (1). It is so far the only
example of a human nuclear-encoded mRNA lacking a 3'
untranslated region.
Here we report a discrepancy between the genomic sequence and

the sequence obtained by RT-PCR from various RNA sources, and
we present data suggesting that this is the result ofthe editing of the
a-galactosidase RNA. First described in the mitochondrial mRNA
of trypanosomes (6), RNA editing has also been found in the

mitochondrial tRNA of A.castellanii (7) and in mitochondrial (8)
and cytoplasmic (9) mammalian tRNAs. Only three types of
nuclear-encoded mammalian RNA have been found to undergo
editing, namely those of human intestinal ApoB (10), several
subunits of human and rat brain L-glutamate receptors (11-13) and
the Wilms' tumor susceptibility gene (14), but the fact that Apo-B
editing activity has been detected in non Apo-B producing cell
lines (15) suggests thatRNA editing could be acommon biological
process.

MATERIALS AND METHODS
Isolation of nucleic acids and first-strand synthesis

Genomic DNA was isolated from cerebellum and from blood of
normal donors using standard procedures (16). Total RNA was
isolated from muscle, cerebellum and a fibroblast cell line ofmale
individuals not affected by Fabry's Disease, using an UltraspecTM
RNA isolation system (Biotecx). Isolation ofmRNA from muscle
and cerebellum was performed using a Fast Track mRNA
isolation kit (Invitrogen).

In vitro transcription of an a-galactosidase cDNA clone
(nucleotides 573-1296 of the cDNA sequence) was performed
using the RiboprobeR system (Promega) according to the manufac-
turer's protocol. Briefly, the cDNA cloned into a pCRTMII vector
(Invitrogen) was linearized with XbaI. After in vitro transcription
using SP6 RNA polymerase (Stratagene), the samples were
digested with RsaI followed by RQl DNase I (Promega) in order
to digest any plasmid DNA remaining in the sample, phenol-
chloroform purified, precipitated and dissolved in nuclease-free
water.

First-strand cDNA synthesis using the RNA samples from the
different sources was carried out with Moloney Murine Leukemia
Virus reverse transcriptase both by random hexamers and by
oligo(dT) priming, with either a first-strand synthesis kit (Phar-
macia) or enzyme and buffer from Gibco/BRL.

RT-PCR and amplification of genomic DNA

PCR reactions were carried out in 3 mM MgCl2 using dNTPs at
a final concentration of 0.5 mM with an annealing temperature of
60°C for 30-35 cycles and denaturation, annealing and extension
steps of 1 min each, using either Taq polymerase (Perkin-Elmer)
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or a thermostable polymerase from Thermus brockianus (Dyna-
zyme, Flowgen), reported to have a 2-fold higher fidelity than Taq
polymerase.

Table 1. Nucleotide sequence and location of the primers used in this study

Primer Sequence 5'-3' Position (from start codon)

F7F 5'-GGCCACTTATCACTAGTT 9749 to 9768 in genomic DNA
GC-3'

AK4 5'-AACATTTTAAAGTAAGT 1296 to 1263 in cDNA
CTTTTAATGACATCTGC-3'

AK2 5'-GGTTAATCTTAAAAGCC -59 to -40 in cDNA
CAG-3'

AK3 5'-TTATGCTGTCCGGTCAC -23 to -5 in cDNA
CG-3'

AK8 5'-AATAGGACTGGCAGAA 574 to 595 in cDNA
GCATTG-3'

The position ofeach primer is indicated relative to the first A in the initiation ATG.

The primers used in this study are summarized in Table 1. For
amplification ofgenomic DNA we used primers AK4 and F7F AK4
is complementary to the last 34 bases of the 3' end of the
a-galactosidase cDNA while F7F primes at the 3' end of intron VI,
so that only genomic DNA and not cDNA can be amplified. For the
amplification of the first strand cDNAs we used primer pairs
consisting ofAK4 with one ofthe primers AK2, AK3 or AK8. Since
all these primer pairs span at least 2 introns of the genomic
oa-galactosidase sequence, simple inspection of the PCR reaction
products on a gel confirms that the products originate from first
strand cDNA and not from any potentially contaminating genomic
DNA. For the detection of possible pseudogene(s), amplification
was performed under the same conditions with primers AK4-AK8,
which prime in exons 7 and 4 respectively, and would yield a
2928 bp product on genomic DNA or a 723 bp fragment on cDNAs
or intronless pseudogenes.

Cloning and sequencing of PCR products

For the cloning of PCR products 1 pl of each PCR reaction was
ligated in a pCRrmll vector (TA cloning kit, Invitrogen) following
the manufacturer's protocol. From each transformation several
clones containing an insert of the expected size were sequenced by
the dideoxy chain-termination method with T7 polymerase
(Pharmacia). Alternatively, PCR products were either gel-purified
or column-purified (Quiaquick Spin, Qiagen) for direct sequencing
by cycle sequencing (CircumVent, NEB) or by T7 polymerase
after the conversion of the PCR products into single-strandedDNA
with lambda exonuclease (PCR ssDNA template Prep kit,
Pharmacia).

Restriction analysis with RsaI

In vitro transcribed RNA was subjected to RT-PCR and the
product was cloned as indicated above.. Clones containing an insert
of the expected size were digested overnight with RsaI and the
digests were electrophoresed in 2% MetaPhor agarose (Flowgen).
A unique restriction pattern with an additional 200 bp band can be
observed in clones with Adenine at position 1187 ofthe cDNA, but
not in those containing Thymine at this position.

RESULTS

Amplification of the full-length a-galactosidase cDNA by RT-PCR
from muscle and fibroblast revealed various mismatches when the
sequence of the clones obtained was compared with the published
sequence. However, since these base changes were present sporadi-
cally in a single clone out of several clones sequenced from each
RT-PCR reaction, they were attributed to mistakes introduced either
by the reverse transcriptase or by the polymerase. In contrast to this,
however, a T to A transversion at nucleotide 1187 of the cDNA
sequence, which creates a RsaI restriction site, was present not only
in several clones from the same PCR reaction but also in clones
representing PCR reactions from different first-strand cDNAs.
Specifically, five clones representing three different RT-PCR
reactions (two from muscle RNA and one from fibroblast RNA)
showed the normal sequence (T at position 1187), whereas 11 clones
representing four different RT-PCR reactions (three from muscle
RNA and one from fibroblast RNA) contained the T to A change.
These results are summarized in Table 2.

Table 2. Number of clones/PCR reactions with T at position 1187 of the
cDNA sequence (normal) and with the TI 187A change (edited)

DNA/RNA source No. of PCR No. of clones Normal Edited
reactions

Muscle RNA 5 8 2 6

Fibroblast RNA 2 8 3 5

Cerebellum RNA 2 14 10 4

Genomic DNA 9 Direct Seq 9 -

The source of RNA used is indicated.

This finding was confirmed when genomic DNA and RNA from
the same tissue sample (human cerebellum) were isolated and first
strand cDNA was prepared from the RNA. Amplification of the 3'
end of the a-galactosidase gene was performed using primer set
AK4F7F, specifically amplifying genomic DNA. Nine different
PCR reactions were sequenced directly and all of them showed the
normal reported sequence. At the same time, different first strand
cDNA amplifications using primers AK4-AK8 yielded 10 clones
with the normal sequence and four clones containing the T1187A
change (without any other base changes in the rest ofthe sequence).
Moreover, one ofthese RT-PCR reactions yielded four clones with
the base change and one clone with the normal sequence (out of
five clones sequenced), thus suggesting that the RNA used in the
reverse transcription consists of a mixture of RNA species, some
of them with the normal sequence and some bearing the base
substitution. The product of another RT-PCR reaction sequenced
directly also revealed this Tl 187A substitution.

In order to rule out the contribution of a possible pseudogene to
the PCR product, we performed PCR with primers AK4-AK8
using genomic DNA as template. With this primer combination, an
intronless pseudogene would have yielded a 723 bp fragment. This
could not be detected in two unrelated normal males. In contrast, we
could obtain low levels of the 2928 bp product expected when these
primers amplify genomic DNA from exon 4 to exon 7 (results not
shown).
As a control to exclude that the base change was introduced

during any of the steps of the RT-PCR reaction, we used RNA
transcribed in vitro from a cDNA clone containing the normal
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Figure 1. Putative secondary structure of the a-galactosidase primary transcript from nucleotide 1173 of the cDNA sequence and including 330 nt of 3' flanking
sequence. Calculated using FOLDRNA in the GCG package (36). The putative edited base is indicated with an arrow.

sequence at position 1187 (as described in the Methods section).
This RNA was reverse transcribed into first strand cDNA using
AK4 primer. The first strand obtained this way was amplified with
primers AK4 and AK8 under the same conditions used in the other
PCR reactions. The PCR product was cloned and 16 clones were
analysed by digestion with RsaI. The T to A transversion creates
aRsaI restriction site that results in a distinct restriction pattern with
a 200 bp band in edited clones (see Fig. 2). None of the 16 clones
studied showed the Ti 187A transversion.

DISCUSSION

There are a number of different mechanisms which could account
for a site-specific difference between genomic and cDNA sequence.
First of all, the presence ofdifferent copies ofthe gene, some ofthem
bearing the mutation and some with the normal sequence, could
explain the disparity found here. This could happen if a-galactosi-
dase is a member of a family of highly homologous genes, or if
allelic variants of the gene are present, or in the presence of a
pseudogene in another location which is illegitimately transcribed.
However, in any of these situations analysis of genomic DNA
should reveal the differences in sequence, whereas our results clearly
show aT in all the PCR reactions from genomic DNA. Furthennore,
previous studies using in situ and Southern hybridization have
established the occurrence of a single X-chromosomal gene for
a-galactosidase and the absence ofclosely related sequences (1). We
further excluded the possibility of illegitimate transcription of a
pseudogene bearing the T to A change, since PCR priming off
exonic sequences across exons 4 to 7 yielded no product from
genomic DNA. As for the possibility of two different alleles,
extensive mutation analysis of the human a-galactosidase gene in
different individuals has never detected any base change at this
position (17). Additionally, we always used samples from males to
ensure that only one copy of this X-linked gene was present.

A second possibility is that the base change found here is an
artifact introduced either by the reverse transcriptase or the DNA
polymerase. However, under high fidelity conditions like the ones
used in this study an error rate for Taq polymerase of 1/50 000 is
probably a good estimate, so that the expected error frequency after
35 cycles of amplification is 1 in 2857 nt (18). With the Tbr
polymerase used in this study this would become of the order of
1 in 6000, so that the possibility of the same base change being
consistently introduced at the same position in different PCR
reactions can be discounted. In reverse transcription the occurrence
of a mismatch at one particular point of a sequence due to the
formation of stem-loop structures in the RNA molecule is
theoretically possible. However, such an event has never been
reported and in any case the high incidence here is far above the
reported error rate for the Moloney-MLV reverse transcriptase
used, of between 1/3470 and 1n372 as calculated using homo-
polymer templates (19). Moreover, when we used in vitro
transcribed RNA as a template of the RT-PCR reaction, no base
change was introduced at this nucleotide with respect to the normal
sequence, indicating that neither the reverse transcriptase nor the
polymerase are responsible for the T to A transversion found in
such a significant number of RT-PCR reactions.
The observation that we have made is by the methods which in

the other cases have been sufficient to deduce that RNA editing
occurs. Here, this will be editing of the ax-galactosidase RNA
resulting in an adenine in the edited RNA instead of the uracil
expected from the genomic sequence. The nature and the process of
RNA editing is not fully understood and it is thought that different
mechanisms are involved in different cases. However, the formation
ofa stem-loop seems to be a common feature underlying the editing
in Apo B and L-glutamate receptor subunits RNAs. In the case of
ApoB, the editing activity has been charactersed as a cytidine
deaminase (20,2 1) and various sequence requirements upstream
and downstream of the edited region have been identified (22-24).
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Figure 2. Restriction analysis of normal and edited clones with RsaI. The
TI I87A transversion creates a RsaI restriction site that results in a distinct
restriction pattern with a 200 bp band in edited clones (arrow). Lane 1, I kb
ladder (Gibco-BRL); lane 2, control clone (unedited); lane 3, control clone
(edited); lanes 4-7, clones obtained from the in vitro transcription control
experiment (see text for details).

The editing site in Apo B mRNA is included in a highly conserved
stem-loop that binds to a 60 kDa protein (25). As for the
L-glutamate receptor subunits, the editing seems to occur before the
splicing of the RNA, since a specific intronic sequence downstream
to the edited site is necessary for the editing to take place (26,27).
This intron contains a 10 nt sequence complementary to the editing
site (26), and the region between them includes an inverted repeat
that can fold into a structure consisting of three helical elements
(27). Recently, it has been shown that editing of GluR-B results
from the conversion of adenosine to inosine by enzymatic
deamination, and that several stem-loops close to the editing site
are necessary for the targeting of the enzyme (28). When we

analyzed the genomic sequence of a-galactosidase from intron VI
and downstream, covering 1170 bp of 3' flanking sequence, we
found that several potential stem-loops are formed in this region,
and the energy minimization algorithm of Zucker (29) also
predicted the formation of stem-loops around the putative editing
site when the RNA was folded (Fig. 1).
Of a total of nine RT-PCR reactions, five contained the Tl 187A

base change and three did not, whereas one ofthe reactions resulted
both in clones containing the mutation and in clones with the
normal sequence. This clearly suggests that only a subpopulation
of a-galactosidase RNA molecules undergo editing, and is in
keeping with the fact that the frequency of editing of the human
kainate receptors and ofthe Wilms' tumor susceptibility gene show
tissue and/or age-related differences in the percentage edited
(12,14). Also, the base change could be verified using RNA from
three different sources (human muscle, human cerebellum and a

human fibroblast cell line), indicating that the editing activity is
present in a wide variety of tissues. This is in agreement with data
suggesting that Apo B editing activity is found not only in
enterocytes but also in cell types which do not produce Apo B (15).
The only example ofRNA editing responsible for a U to A base

change like the one reported here is the mitochondrial tRNAs of
A.castellanii, where the 3' half of the acceptor arm seems to act as

an internal guide for the editing of the 5' half (7). However,
unconventional editing at a U site resulting in a pyrimidine to
purine conversion has recently been described in man, namely in
the RNA encoding a human glutamate receptor (GluR7), but this
involves U to G, notU toA as here (13). The base change described
here cannot be accounted for by deamination reactions such as

those implicated in other instances of mammalian nuclear RNA

editing. Rather, it must involve some form ofbase replacement in
the RNA through as yet unknown mechanisms.
Whereas editing ofApo B, L-glutamate receptor subunits and the

Wilms' tumor susceptibility gene introduces significant changes of
functional relevance, in the case of the a-galactosidase the edited
RNA will code for a tyrosine instead of a phenylalanine. This
amino acid change is apparently conservative, although in some
cases it may result in significant functional alteration of the protein
product involved. For instance, a T to A transversion in the
glucocerebrosidase coding sequence causing a Phe to Tyr change
in the enzyme sequence resulted in Gaucher disease in one case
(30). Similarly, a unique feature of the optic morphology mutant
Om(JD) of Drosophila ananassae is that the phenylalanine in
helix 3 of the BarHI gene product, conserved in all homeodomains
so far examined, is replaced by a tyrosine residue (31). Also,
substitution of tyrosine for phenylalanine in the glycine receptor
al-subunit alters ligand discrmination and increases the efficacy of
amino acid agonists (32). Since the crystal structure of a-galactosi-
dase is not available, prediction of the conformational changes
introduced by the amino acid conversion described here is difficult.
In this regard, we have used several computer programs for the
prediction of secondary structure and hydropathy of proteins
(33-35) and could only observe a slight increase in the hydrophyli-
city of the molecule bearing the Phe396Tyr change. Further,
computer analysis and sequence comparison of the region of the
a-galactosidase protein encompassing the edited site did not reveal
any homology with previously characterized protein domains. The
elucidation of the effects of this amino acid change on the biological
properties of a-galactosidase requires further study.
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